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INTRODUCTION 

Lung  cancer  is  the  leading  cause  of  cancer-related  death  in  both  men  and  women  in  the  United 
States.  Chemotherapy  has  reached  its  limit  in  improving  the  survival  of  lung  cancer  patients. 
Therefore,  a  different  strategy  must  be  waged  in  the  battle  against  lung  cancer.  Targeted 
therapy,  a  newly  emerged  therapeutic  approach  in  lung  cancer,  has  succeeded  in  some  cancer 
types  and  dem  onstrated  its  initial  success  in  the  treatment  of  lung  cancer  when  a  class  of 
targeted  agents  termed  epidermal  growth  factor  receptor  (EGFR)  tyrosine  kinase  inhibitors, 
such  as  gefitinib  and  erlotinib,  improved  tumor  response  rates  in  patients  with  advanced  non¬ 
small  cell  lung  cancer  (NSCLC),  with  results  strongly  correlated  to  the  presence  of  EGFR 
mutations  in  the  tumors  (Cappuzzo  and  Hirsch  et  al.,  2004;  Cappuzzo  and  Magrini  et  al.,  2004; 
Gatzemeier  et  al.,  2004;  Herbst  and  Giaccone  et  al.,  2004;  Herbst  and  Prager  et  al.,  2004; 
Herbst  and  Sandler  et  al.,  2004;  Lynch  et  al.,  2004;  Kobayashi  et  al.,  2005;  Miller  et  al.,  2004; 
Pao  et  al.,  2004;  Paez  et  al.,  2004;  Shepherd  et  al.,  2004;  Shigematsu  et  al.,  2005).  This  finding 
has  demonstrated,  for  the  first  time,  the  importance  of  selecting  patients  for  individualized 
targeted  therapy  in  NSCLC. 

The  Program  BATTLE  (Biomarker-integrated  Approaches  of  Targeted  Therapy  for  Lung 
Cancer  Elimination)  seeks  to  establish  individualized  targeted  therapy  by  prospectively 
examining  patients’  tumor  biomarker  profiles  and  assigning  them  to  corresponding  targeted 
therapies  with  the  expectation  to  yield  a  better  clinical  outcome.  This  novel  approach  will  be  a 
proof-of-principle  experiment  to  test  the  benefit  of  molecular-based  individualized  targeted 
therapy  for  lung  cancer  patients.  Specifically,  the  objectives  of  the  BATTLE  program  are: 

1)  To  establish  a  c  linical  trial  program  using  biomarkers  to  select  individualized  targeted 
therapy  for  patients  with  chemorefractory  advanced  NSCLC  through  the  implementation  of 
molecular  classification  based  on  the  status  of  specific  targeted  biomarkers  and  adaptive 
randomization  via  hierarchical  Bayes  modeling. 

2)  To  study  the  molecular  mechanisms  of  response  and  resistance  to  targeted  agents  to 
discover  new  signaling  pathways  for  test  in  future  trials. 

3)  To  identify  molecular  features  in  tumor  tissues  to  correlate  with  tumor  response  or 
resistance,  and  identify  serum  biomarkers  as  surrogates. 

4)  To  investigate  other  targeted  agents  in  combination  to  overcome  the  resistance  due  to  novel 
signaling  pathways  (e.g.,  mTOR  and  PI3K/Akt)  and  improve  treatment  efficacy. 

BATTLE  is  composed  of  four  Specific  Aims  with  four  phase  II  clinical  trials  and  an  u  mbrella 
protocol  in  Aim  1,  six  research  projects  in  Aims  2-4,  and  two  potential  phase  I  trials  in  Aim  4. 
Here,  we  present  our  scientific  progress  of  the  BATTLE  program  for  this  sixth  and  final  grant 
year. 


PROGRESS  REPORT 


Aim  1  To  establish  a  clinical  trial  program  using  biomarker  assessment  to  select 

individualized  targeted  therapy  for  previously  treated  chemorefractory 
advanced  NSCLC  patients. 

(PI,  Co-PIs,  and  Investigators:  Drs.  Waun  Ki  Hong,  Roy  Herbst,  Edward  S.  Kim,  George 
Blumenschein,  Anne  Tsao,  Hai  Tran,  Marshall  Hicks,  Rodolfo  Morice,  Bruce  Johnson) 

Specific  Aim  1  has  five  clinical  trials:  one  umbrella  trial  and  four  Phase  II  open-label  trials.  After 
screening,  eligible  patients  are  enrolled  in  the  umbrella  trial,  and  tumor  biopsies  are  taken  for 
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biomarker  analysis  conducted  by  the 
Biomarker  Core.  (For  details,  please  see 
the  Biomarker  Core  section  of  this  report.) 
Biomarker  results  are  analyzed  by  the 
Biostatistics  and  Data  Management  Core. 
(For  details,  please  see  the  Biostatistics 
and  Data  Management  Core  section  of 
this  report.)  There  are  two  components  of 
this  study:  1)  an  equal  randomization 
phase,  where  patients  are  randomized 
equally  to  the  four  trials  after  biomarker 
analysis;  and  2)  an  adapt  ive 
randomization  phase,  where  patients  are 
enrolled  to  one  of  the  four  clinical  trials 
based  on  t  heir  tumor  biomarker 
characteristics.  The  four  Phase  II  clinical 
trials  are  presented  in  the  four  sub-aims  of 
Aim  1  described  below  and  depicted  in 
Figure  1.  An  update  is  provided  following 
the  list  of  subaims. 


BATTLE:  Overall  Schema 

Enrollment  into  BATTLE  Umbrella  Protocol 

Core  Biopsy 


Biomarker  Profile  and  Randomization 


Erlotinib  ZD6474  Erlotinib  +  Bexarotene  Sorafenib 

Aim  1.1  Aim  1.2  Aim  1.3  Aim  1.4 


Figure  1.  Overall  Schema  for  BATTLE  Trials. 


Aim  1.1  To  conduct  a  clinical  trial  with  erlotinib  in  patients  with  previously  treated 
advanced  NSCLC  whose  tumors  have  EGFR  mutations  and  /  or 
overrepresentation. 

Primary  objective  is  to  determine  the  8-week  progression-free  survival  (PFS)  rate  of  patients 
with  previously  treated  advanced  NSCLC  whose  tumors  have  EGFR  mutations  and  /  or 
overrepresentation  who  are  treated  with  erlotinib. 

Secondary  objectives  are  to  1)  determine  the  overall  survival  rate,  response  rate,  and  toxicity 
profiles  of  patients  with  advanced  NSCLC  whose  tumors  have  EGFR  mutations  and  /  or 
overrepresentation  and  treated  with  erlotinib,  2)  determine  the  plasma  and  (if  available)  tumor 
tissue  concentrations  of  erlotinib  and  their  correlation  with  response  and  toxicity  by  using 
pharmacokinetics  and  pharmacodynamic  modeling. 

Aim  1.2  To  conduct  a  clinical  trial  with  ZD6474  in  patients  with  previously  treated 
advanced  NSCLC  whose  tumors  have  increased  VEGF  and  /  or  VEGFR-2. 

Primary  objective  is  to  determine  the  8-week  PFS  rate  in  patients  with  previously  treated 
advanced  NSCLC  whose  tumors  have  increased  VEGF  and  /  or  VEGFR-2  who  are  treated  with 
ZD6474. 

Secondary  objectives  are  to  1)  determine  the  overall  survival  rate,  response  rates,  and  toxicity 
profiles  of  patients  with  advanced  NSCLC  whose  tumors  express  increased  VEGF  and  /  or 
VEGFR-2  and  treated  with  ZD6474,  and  2)  determine  the  plasma  and  (if  available)  tumor  tissue 
levels  of  ZD6474  and  their  correlations  with  response  and  toxicity  by  using  pharmacokinetics 
and  pharmacodynamic  modeling. 
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Aim  1.3  To  conduct  a  clinical  trial  with  the  combination  of  bexarotene  and  erlotinib 
trial  in  patients  with  previously  treated  advanced  NSCLC  whose  tumors 
have  expressed  RXRs  and  /  or  increased  cyclin  D1. 

Primary  objective  is  to  determine  the  8-week  PFS  rate  in  patients  with  previously  treated 
advanced  NSCLC  whose  tumors  have  expressed  RXRs  and  /  or  increased  cyclin  D1  who  are 
treated  with  the  combination  of  Bexarotene  and  Erlotinib. 

Secondary  objectives  are  to  1)  determine  the  overall  survival  rate,  response  rate,  and  toxicity 
profiles  of  patients  with  advanced  NSCLC  whose  tumors  have  expressed  RXRs  and  /  or 
increased  cyclin  D1  and  treated  with  the  combination  of  bexarotene  and  erlotinib,  2)  determine 
the  plasma  and  (if  available)  tumor  tissue  concentrations  of  bexarotene  and  erlotinib  and  their 
correlation  with  response  and  toxicity  by  using  pharmacokinetics  and  pharmacodynamic 
modeling. 

Aim  1.4  To  conduct  a  clinical  trial  with  sorafenib  trial  in  patients  with  previously 
treated  advanced  NSCLC  whose  tumors  have  mutated  K-ras  and  /  or  B-raf. 

Primary  objective  is  to  determine  the  8-week  PFS  rate  in  patients  with  previously  treated 
advanced  NSCLC  whose  tumors  have  mutant  K-ras  and  /  or  B-raf  who  are  treated  with 
sorafenib. 

Secondary  objectives  are  to  1)  determine  the  overall  survival  rate,  response  rate,  and  toxicity 
profiles  of  patients  with  advanced  NSCLC  whose  tumors  have  mutated  K-ras  and  /  or  B-raf  and 
treated  with  sorafenib,  2)  determine  the  plasma  and  (if  available)  tumor  tissue  concentrations  of 
sorafenib  and  t  heir  correlation  with  response  and  t  oxicity  by  using  pharmacokinetics  and 
pharmacodynamic  modeling. 

Summary  of  Research  Findings 

Specific  Aim  1  was  completed  and  results  were  extensively  detailed  in  the  previous  annual 
report.  Additional  abstracts  and  publ  ications  related  to  the  clinical  trial  and  not  previously 
reported  have  been  listed  in  the  “Abstracts  and  Publications”  section  of  this  report. 

Specific  Aim  2:  To  investigate  molecular  mechanisms  of  response  and  resistance  to 

the  targeted  agents  used  in  the  BATTLE  program. 

Specific  Aim  2.1.  To  validate  the  molecular  mechanisms  of  response  and  resistance  to 
erlotinib  for  patients  with  chemorefractory  NSCLC. 

(PI  and  Co-PI:  Bruce  Johnson,  M.D.,  and  Pasi  Janne,  M.D.,  Ph.D.) 

The  association  between  somatic  epidermal  growth  factor  receptor  ( EGFR )  mutations  and 
clinical  response  to  gefitinib  in  patients  with  non-small  cell  lung  cancer  (NSCLC)  was  published 
in  2004.  This  proposal  builds  on  previous  findings  to  further  characterize  EGFR  mutations  in 
subjects’  tumors  and  i  n  tumor  cell  lines  and  t  he  relationship  of  these  mutations,  subject 
outcome,  and  in  vitro  behavior  to  different  EGFR  inhibitors.  The  data  generated  demonstrates 
that  subjects  whose  NSCLC  tumors  have  EGFR  mutations  typically  respond  to  single-agent 
therapy  with  gefitinib,  are  treated  for  a  median  of  1  year  or  longer,  and  achieve  a  median  overall 
survival  duration  longer  than  2  years.  This  survival  duration  is  3-fold  longer  than  that  achieved 
with  conventional  chemotherapy  in  previously  untreated  subjects  with  NSCLC.  The  patients 
treated  with  gefitinib  or  erlotinib  with  increased  copy  number  assessed  by  fluorescence  in  situ 
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hybridization  (FISH)  have  a  r  esponse  rate  of  20-30%  and  t  he  patients  live  a  m  edian  of 
approximately  2  years.  The  goal  of  this  research  is  to  confirm  these  initial  observations  in 
prospective  cohorts  of  subjects  with  NSCLC  and  somatic  EGFR  mutations  or  increased  copy 
number  with  erlotinib  as  the  initial  therapy.  This  proposal  is  generating  translational  information 
on  somatic  mutations  and  copy  number,  prospective  validation  of  the  outcome  of  patients  with 
NSCLC  and  EGFR  mutations  or  increased  copy  number  treated  with  erlotinib,  information  on 
activation  of  the  EGFR  pathway  in  NSCLC  and  NSCLC  cell  lines,  and  i  nformation  about 
mechanisms  of  resistance. 

Objective  1:  Establish  estimates  of  the  response  and  outcome  of  previously  treated 
patients  with  prospectively  identified  somatic  EGFR  mutations  treated  with  erlotinib. 

Summary  of  Research  Findings 

This  objective  was  completed  and  detailed  in  the  previous  annual  report. 

Objective  2:  Determine  effects  of  TGF-a,  EGF,  and  AR  on  the  growth  of  EGFR-mutant 
and  wild-type  cell  lines. 

Summary  of  Research  Findings 

This  objective  was  completed  and  detailed  in  the  previous  annual  report. 

Objective  3:  Determine  effects  of  TGF-a,  EGF,  and  AR  on  the  cell  cycle  and  apoptosis  of 
EGFR-mutant  and  wild-type  cell  lines. 

Summary  of  Research  Findings 

This  objective  was  completed  and  detailed  in  the  previous  annual  report. 

Objective  4:  Determine  effects  of  different  EGFR  mutations  and  EGFR  inhibitors  on 
phosphorylation  of  EGFR  and  downstream  signaling  intermediates. 

Summary  of  Research  Findings 

This  objective  was  completed  and  detailed  in  the  previous  annual  report. 


Specific  Aim  2.2.  Insulin-like  Growth  Factor  Receptor  Signaling  Pathways  and  Resistance 
to  Gefitinib  in  Non  Small-Cell  Lung  Cancer  Cells 

(PI:  Ho-Young  Lee,  Ph.D.) 

Non-small  cell  lung  cancer  (NSCLC)  accounts  for  about  75%-80%  of  lung  cancer  cases  and  its 
dismal  survival  rate  has  not  improved  in  the  past  2  decades.  The  lack  of  effective  therapy,  the 
high  proportion  of  patients  with  advanced  disease  at  the  time  of  diagnosis,  and  the  rapidity  of 
tumor  progression  are  major  contributors  to  lung  cancer  mortality,  and  raises  the  urgent  need 
for  novel  strategies  to  treat  this  disease.  Of  many  potential  targets  in  adult  solid  tumors,  the 
epidermal  growth  factor  receptor  (EGFR)  has  been  extensively  studied  because  overexpression 
of  EGFR  has  been  observed  in  a  number  of  other  common  solid  tumors  including  40-80%  of 
NSCLC  (Jemal  et  al,  2003).  Therefore,  one  therapeutic  strategy  was  to  use  the  agents  targeting 
the  EGFR  pathway.  However,  negative  results  from  several  large-scale  phase  III  clinical  trials  in 
lung  cancer  have  been  reported  (Giaccone  et  al,  2002;  Johnson,  2002),  indicating  the  need  for 
understanding  the  mechanisms  that  induce  resistance  to  EGFR  inhibitors.  Accumulating 
evidence  has  implicated  insulin-like  growth  factor  receptor-1  (IGF-IR)  pathways  in  resistance  to 
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chemotherapy,  radiation  therapy,  and  molecularly  targeted  agents  (Kulik  et  al,  1997;  Lin  et  al, 

1999;  DiGiovanni  et  al,  2000;  Porras  et  al,  1998;  Toker  and  Newton,  2000).  Our  objective  is  to 

investigate  whether  IGF-IR  and  downstream  signaling  mediators,  such  as  PI3K/Akt  and  MAPK, 

are  involved  in  the  resistance  to  anti-EGFR  therapies  in  NSCLC. 

Objective  1:  Determine  whether  inhibition  of  the  IGF-IR-mediated  signaling 

pathway  augments  the  antiproliferative  effects  of  erlotinib  on  NSCLC 
cells  in  vitro,  and  investigate  the  mechanism  by  which  erlotinib  leads 
NSCLC  cells  to  activate  the  IGF-IR  signaling  pathway. 

Objective  1  has  been  completed  and  was  reported  in  the  previous  annual  report. 

Objective  2:  Determine  whether  inhibition  of  the  IGF-IR-mediated  signaling 

pathway  augments  effects  of  erlotinib  on  the  growth  of  human  NSCLC 
xenograft  tumors  established  in  nude  mice. 

Objective  2  has  been  completed  and  was  reported  in  the  previous  annual  report. 

Objective  3:  Investigate  whether  IGF-IR  activity  influences  the  therapeutic  activity 

of  erlotinib  in  patients  with  NSCLC. 

Summary  of  Research  Findings 

Objective  3  has  been  completed  and  was  reported  in  the  previous  annual  report. 


Specific  Aim  2.3.  To  investigate  the  molecular  mechanisms  of  resistance  to  and 
biomarkers  of  the  biologic  activity  of  VEGF  pathway  inhibitors 

(PI:  John  Heymach,  M.D.,  Ph.D.) 

The  primary  goals  of  this  Aim  were  to  develop  biomarkers  for  the  activity  of  VEGF  inhibitors  and 
investigate  potential  markers  of  therapeutic  resistance.  We  have  made  significant  progress 
towards  these  goals,  and  based  on  findings  from  BATTLE  we  are  now  poised  to  test  and 
potentially  validate  these  markers  using  samples  from  randomized  phase  III  studies,  and 
develop  treatment  regimens  aimed  at  targeting  resistance. 

The  initial  primary  focus  of  our  efforts  was  blood-based  biomarkers;  however,  through  our 
efforts,  and  i  n  collaboration  with  the  laboratory  of  Dr.  Wistuba,  new  tumor  based  biomarkers 
have  emerged  as  well.  Notable  advances,  detailed  below,  include  the  following:  1)  Identification 
of  KDR  (copy  number  gain  and  p  rotein  levels)  as  a  marker  of  A)  recurrence  after  adjuvant 
chemotherapy,  B)  chemoresistance,  C)  VEGFR  inhibitor  benefit  and,  potentially,  D)  EGFR 
inhibitor  resistance.  2)  Identification  of  circulating  HGF  and  osteopontin  as  potential  markers  of 
resistance  to  VEGFR  inhibitors,  and  3)  Identification  of  circulating  tumor  endothelial  cells 
(CTECs)  as  a  potential  biomarker. 

Progress  on  these  objectives  is  detailed  below. 

Objective  1:  Quantitatively  assess  VEGFR  (KDR)  phosphorylation,  downstream  signaling, 
and  biomarkers  of  angiogenesis  in  pre-  and  post-treatment  tumor  biopsy  samples. 


Summary  of  Research  Findings 


Army  Award  W81XWH-06-1-0303  (BATTLE);  Waun  Ki  Hong,  M.D. 

FINAL  Report:  Reporting  Period  01  April  2011  -31  March  2012 _ 

1.  Role  of  tumor  VEGFR2  (KDR)  CNGs  in  NSCLC  signaling  and  its  role  in  promoting  and 
invasive  phenotype.  As  previously  reported,  in  collaboration  with  Dr.  Ignacio  Wistuba,  we 
found  that  tumor  KDR  CNGs  (involving  an  amplicon  on  4q12)  were  associated  with  increased 
levels  of  KDR  protein,  and  increased  levels  of  angiogenesis.  Furthermore,  KDR  CNGs  were 
associated  with  worse  outcome  in  early  stage  NSCLC  patients  who  received  adjuvant  platinum 
doublet  chemotherapy,  but  not  those  who  underwent  resection  alone.  We  observed  a  similar 
frequency  of  KDR  copy  gain  in  adenocarcinoma  (26/85,  31%)  and  squamous  cell  carcinoma 
(19/54,  35%)  histologies.  Finally,  we  demonstrated  that  KDR  CNGs  were  associated  with 
chemoresistance  in  vitro.  These  results  were  published  during  the  past  year  (Yang  et  al,  Cancer 
Research,  2011). 

We  have  completed  this  aim  but  extended  these  findings  over  the  past  year  in  several  important 
ways.  First,  we  demonstrated  that  tumor  cell  KDR  promotes  in  vitro  invasiveness,  and  that  this 
invasiveness  could  be  blocked  by  VEGFR  tyrosine  kinase  inhibitors  (TKIs)  (Figure  1A). 
Furthermore,  through  an  extensive  proteomic  analysis  of  pathways  modulated  by  KDR  or  VEGF 
inhibitors,  we  identified  that  the  PI3K  pathway,  HIF-1a,  EZH2,  and  MET  are  all  downstream 
targets  associated  with  tumor  KDR,  and  that  KDR  activation  promotes  MET  phosphorylation, 
which  may  drive  tumor  cell  invasiveness  (Figure  1B-D). 

One  somewhat  unexpected  finding  has  emerged  from  the  KDR  analysis.  As  previously  noted, 
tumor  KDR  was  associated  with  improved  outcome  in  patients  treated  with  the  VEGFR/EGFR 
pathway  inhibitor  vandetanib,  but  worse  outcome  in  patients  treated  with  erlotinib  (Kim  et  al, 
Cancer  Discovery,  2010).  This  finding  suggested  that  tumor  KDR  may  promote  resistance  to 
EGFR  inhibitors.  We  have  explored  this  pathway  and  found  that,  in  fact,  VEGF  can  promote 
EGFR-inhibitor  resistance  consistent  with  our  earlier  preclinical  observations  (Naumov  et  al,  Clin 
Can  Res,  2009).  Investigations  into  the  mechanism  of  this  effect  are  still  in  progress,  but  our 
preliminary  results  suggest  that  VEGF  may  accelerate  an  epithelial-to-mesenchymal  transition 
(EMT). 

These  observations  have  compelled  us  to  further  investigate  KDR  as  a  predictive  marker  for 
chemo-  and  EGFR-inhibitor  resistance  and/or  VEGF  inhibitor  response.  We  have  obtained 
independent  funding  from  AstraZeneca,  as  well  as  the  Lungevity  Foundation,  to  investigate 
these  and  related  markers;  in  fact,  we  will  soon  be  conducting  an  analysis  of  tumor  KDR  using 
specimens  from  the  randomized  phase  III  trials  of  vandetanib  vs.  erlotinib  (ZEST)  and 
vandetanib  with  docetaxel  vs.  docetaxel  (ZODIAC),  as  well  as  other  potential  trials.  If  these 
studies  are  positive,  this  work  will  define  the  first  biomarkers  for  VEGF  pathway  inhibitors  to  be 
independently  validated  in  a  phase  III  trial.  The  potential  clinical  impact  of  these  markers  is 
enormous,  and  VEGF  pathway  inhibitors  such  as  bevacizumab  are  approved  for  NSCLC.  but 
there  are  currently  no  validated  biomarkers  for  identifying  which  patients  are  likely  to  benefit 
from  treatment. 
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Figure  1.  VEGFR  TKIs  modulate  invasiveness,  HIF-1a,  and  HIF-la-regulated  proteins  in  NSCLC 
cell  lines  with  KDR  amplification. 


Objective  2:  Investigate  the  utility  of  circulating  endothelial  cells  (CECs),  monocytes, 
and  other  cells  in  peripheral  blood  as  biomarkers  for  antiangiogenic  activity  and 
inhibition  of  the  VEGF  pathway. 

Summary  of  Research  Findings 

In  our  effort  to  improve  circulating  cellular  biomarkers  for  VEGFR  inhibitors,  we  have  conducted 
preclinical  and  clinical  investigations  of  new  subtypes  of  circulating  endothelial  cells  (CECs).  We 
and  others  have  investigated  CECs  as  biomarkers  in  the  past  (e.g.,  Norden-Zfoni  et  al,  CCR, 
2007),  but  the  field  has  been  hampered  by  the  lack  of  specificity  of  CECs,  which  may  be  shed 
by  normal  vasculature  (mature  CECs)  or  tumor  endothelium,  or  even  mobilized  from  bone 
marrow  (circulating  endothelial  progenitors).  To  ad  dress  this  issue,  we  have  investigated 
surface  markers  specific  for  tumor-associated  (tumor  endothelial  markers,  or  TEMs)  vs.  normal 
endothelium.  We  demonstrated  in  preclinical  models  that  we  could  detect  TEMs  on  both  tumor- 
associated  endothelium  and  in  CECs  in  mice  bearing  tumors,  and  have  termed  this  population 
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circulating  tumor  endothelial  cells  (CTECs)  (Figure  2A).  We  demonstrated  that  CTECs  are 
present  at  higher  levels  in  tumor-bearing  mice  compared  to  non-tumor-bearing  mice,  and  that 
changes  in  CTECs  are  proportional  to  the  efficacy  of  VEGF  pathway  inhibitors  in  preclinical 
models  (Figure  2B). 

We  then  investigated  whether  CTECs  were  present  in  NSCLC  patients.  We  found  that,  in  fact, 
CTECs  were  present  in  NSCLC  patients  and  decreased  after  surgery  (Figure  2C).  We  then 
recently  conducted  an  analysis  of  CTECs  in  patients  treated  with  vandetanib  in  the  BATTLE  trial 
(see  Aim  1)  using  flow  cytometry;  analysis  of  these  data  is  ongoing  and  will  be  completed  in  this 
grant  period.  A  publication  describing  the  preclinical  and  clinical  identification  of  CTECs  as  a 
biomarker  will  be  submitted  in  May  2012  (Khajavi,  Nilsson  et  al,  2012). 
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Figure  2.  CTEC  levels  are  elevated  in  tumor-bearing  animals  and  correlate  with  VEGFR  inhibitor 
activity  in  preclinical  models  of  NSCLC.  CTEC  levels  are  also  elevated  in  patients  with  NSCLC 
compared  with  healthy  controls. 

Objective  3:  Systematically  examine  changes  in  the  plasma  and  serum  angiogenic 
profiles  consisting  of  a  panel  of  proangiogenic  cytokines,  targeted  receptors,  and 
potential  biomarkers  of  endothelial  damage. 

Summary  of  Research  Findings 
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As  previously  described,  we  conducted  a  broad  profiling  of  cytokines  and  angiogenic  factors 
(CA/Fs)  using  multiplex  magnetic  bead  as  says  of  the  185  baseline  samples  obtained  from 
patients  who  consented  to  the  optional  blood  collection  and  analysis.  After  the  initial  analysis, 
we  detected  significant  batch  effects  due  to  manufacturing  of  the  plates  themselves  and  the 
analysis  of  these  baseline  samples  was  therefore  redone  to  ensure  the  collection  of  satisfactory 
data.  We  have  also  assessed  several  CA/Fs  by  ELISA.  In  our  preliminary  analysis,  we  have 
identified  several  plasma  factors  associated  with  resistance  to  vandetanib  including  hepatocyte 
growth  factor  (HGF).  To  investigate  whether  HGF  may  actually  promote  resistance,  we 
transfected  HGF  into  NSCLC  cell  lines  (HI 975,  HCC827,  etc.)  and  found  that  HGF  induced 
resistance  to  VEGF  pathway  inhibitors  including  bevacizumab  andcediranib  (AZD2171).  A 
manuscript  describing  these  findings  will  be  submitted  shortly  (Cascone  et  al,  2012). 

Key  Research  Accomplishments: 

•  Identified  that  KDR  CNGs  were  present  in  NSCLC  and  predicted  worse  outcome  in  patients 
treated  with  adjuvant  chemotherapy,  as  well  as  chemoresistance. 

•  Found  that  KDR  upregulates  pathways  associated  with  angiogenesis  and  invasiveness 
(HIF,  c-MET)  in  NSCLC  tumor  cells  and,  potentially,  EGFR  inhibitor  resistance. 

•  Determined  that  in  NSCLC  cells  with  KDR  CNGs,  KDR  inhibitors  such  as  vandetanib  could 
block  invasiveness  and  down-regulate  pathways  associated  with  resistance,  such  as  EZH2. 

•  Identified  a  new  subpopulation  of  circulating  endothelial  cells  (circulating  tumor  endothelial 
cells,  or  CTECs)  and  demonstrated  that  CTECs  were  a  biomarker  for  VEGF  pathway 
inhibitor  response  in  NSCLC  preclinical  models,  and  were  present  in  NSCLC  patients. 

•  Identified  CA/Fs  associated  with  therapeutic  resistance  to  drugs  in  the  BATTLE  study, 
including  HGF  as  a  marker  of  vandetanib  resistance. 

Conclusions 

Our  project  investigating  markers  for  VEGF  pathway  inhibitors  in  the  BATTLE  study  has  led  to  a 
candidate  tumor  marker,  KDR  CNGs,  that  is  now  undergoing  validation  using  samples  from 
phase  III  trials.  If  studies  are  positive,  KDR  CNGs  would  represent  the  first  independently 
validated  tumor  marker  for  VEGFR  inhibitors.  Our  data  suggests  that  KDR  CNGs  may  also  be  a 
useful  biomarker  for  chemoresistance  and  EGFR  inhibitor  resistance,  and  we  have 
demonstrated  key  signaling  pathways  downstream  of  KDR,  including  PI3K,  HIF,  EZH2,  and  c- 
MET. 

We  have  also  identified  several  novel  blood-based  biomarkers  for  VEGF/R  inhibitors  including 
CTECs  as  well  as  plasma  CA/Fs  such  as  HGF.  We  have  gone  onto  validate  HGF  as  a 
mechanism  of  resistance  in  preclinical  models  and,  based  on  these  findings,  are  now 
developing  trials  targeting  c-MET  and  VEGF  pathways  simultaneously. 

Specific  Aim  2.4.  To  investigate  the  molecular  mechanisms  of  the  effects  of  the 
combination  of  bexarotene  and  erlotinib  on  NSCLC  cells 

(PI:  Reuben  Lotan,  Ph.D.) 

The  need  to  discover  and  introduce  more  effective  treatment  agents  and  combinations  is  urgent, 
as  is  the  need  to  improve  the  selection  of  the  right  agent  or  combination  of  agents  for  each 
patient  on  the  basis  of  our  understanding  of  the  molecular  targets.  The  combination  of  the 
retinoid  X  receptor  (RXR)-selective  ligand  bexarotene  and  the  epidermal  growth  factor  receptor 
(EGFR)  tyrosine  kinase  (TK)  inhibitor  erlotinib  appears  to  be  a  promising  approach,  and  will  be 
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tested  in  patients  with  NSCLC  in  the  BATTLE  program.  Some  aspects  of  the  mechanisms  of 

action  of  these  two  agents  are  not  fully  resolved.  Therefore,  we  propose  to  investigate  how  they 

exert  their  effects  on  NSCLC  cells  to  improve  their  usefulness  in  future  clinical  trials. 

Objective  1:  To  determine  by  immunohistochemical  analysis  the  expression  of 
nuclear  receptors  (retinoic  acid  receptors  [RAR]-a,  -p,  and  -y;  RXR-a,  -p, 
and  -y;  and  PPAR^yl  and  PPAR-y2)  and  cyclin  D1  in  NSCLC  specimens 
obtained  from  patients  to  be  enrolled  in  the  BATTLE  umbrella  trial  and 
from  patients  whose  cancer  progresses  on  treatment. 

Summary  of  Research  Findings 

This  objective  was  completed  and  detailed  in  the  previous  annual  report. 

Objective  2:  Examine  the  effects  of  bexarotene,  erlotinib,  and  rosiglitazone  alone 
and  in  combination  on  the  growth  and  apoptosis  of  NSCLC  cells,  cyclin 
D1  and  PPAR-y  levels,  and  gene  expression  profiles. 

Summary  of  Research  Findings 

This  objective  was  completed  and  detailed  in  the  previous  annual  report. 

Objective  3:  Determine  whether  RXRs,  EGFR,  and  PPAR-y  are  required  to  mediate 
the  effects  of  bexarotene,  erlotinib,  and  rosiglitazone,  respectively,  on 
cell  growth  control  and  apoptosis,  and  examine  the  functional 
significance  of  changes  in  gene  expression  induced  by  receptor 
agonists  used  singly  or  in  combinations. 

Summary  of  Research  Findings 

This  objective  was  completed  and  detailed  in  the  previous  annual  report. 


Objective  4:  Evaluate  the  growth  inhibitory  effects  and  mechanisms  of  action  of 
novel  RXR  ligands  AGN1 94204  and  9cUAB30  alone  or  combined  with 
erlotinib  and  rosiglitazone  on  NSCLC  cells. 

Summary  of  Research  Findings 

This  aim  was  closed  as  reported  previously. 


Specific  Aim  3:  To  identify  biomarkers  as  novel  predictors  of  clinical  end  points  and 
potential  therapeutic  targets 

(PI:  Ignacio  Wistuba,  M.D.) 

Objective  1:  Identify  molecular  features  in  tumor  tissues  that  correlate  with  patients’ 
responses  to  individual  regimens  used  in  the  clinical  trials  of  the  proposed  program. 

Summary  of  Research  Findings 

As  reported  in  the  previous  year,  the  BATTLE  clinical  trial  completed  accrual  in  October  2009, 
with  subsequent  follow-up  identifying  244  evaluable  patients  in  December  2009.  We  have 
previously  reported  the  development  of  four  gene  expression  signatures  that  predict  8-week 
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disease  control  (8-wk  DC)  for  two  of  the  four  BATTLE  treatment  arms  (Table  1).  During  the  last 
unfunded  extension  year,  in  collaboration  with  Drs.  John  Heymach  (BATTLE  Co-Investigator),  J. 
Jack  Lee  (Director,  Biostatistics  Core  B),  and  Kevin  Coombes  (Bioinformatics),  we  have 
developed  a  robust  signature  for  predicting  8-wk  DC  with  sorafenib  treatment  (Saintigny  et  al, 
AACR  2012;  Blumenschein  et  al,  manuscript  submitted),  and  we  have  submitted  a  manuscript 
to  report  the  epithelial-mesenchymal  transition  (EMT)  gene  signature  (Byers  et  al,  manuscript 
submitted). 


Table  1.  Gene  expression  signatures  developed  and  tested  in  the  BATTLE  NSCLC  tumor 
specimens. _ 


Signature 

Samples  Used  to  Derive 
Signature 

Predictive  of  DC  at  8  weeks  in  BATTLE 

Yes/No 

Treatment  Arms 

Type  of  Tumors 

EGFR 

Resected  tumor  tissues 

No 

None 

— 

EMT 

Cell  lines 

Yes 

Erlotinib 

EGFR  wild-type 

5-gene 

BATTLE  tissues 

Yes 

Erlotinib 

EGFR  wild-type 

“Sorafenib” 

BATTLE  tissues 

Yes 

Sorafenib 

- 

“Sorafenib”  gene  expression  signature:  The  results  from  our  BATTLE  trial  suggest  that  patients 
with  chemorefractory,  EGFR-wild-type  NSCLC,  including  those  with  mutant  KRAS,  may  benefit 
from  sorafenib.  Using  3  different  approaches,  we  tested  the  hypothesis  that  gene  expression 
profiles  from  wild-type  EGFR  tumors  may  predict  sorafenib  efficacy  by  capturing  its  effects  on 
multiple  targets.  Baseline  tumor  biopsies  from  37  BATTLE  patients  with  EGFR  wild-type  tumors 
treated  with  sorafenib  were  profiled  (Affymetrix  Human  Gene  1.ST),  as  well  as  68  EGFR  wild- 
type  NSCLC  cell  lines  with  the  available  sorafenib  IC50  (lllumina  HumanWG-6  v3.0  expression 
beadchip).  We  first  developed  an  “In  vitro  Sorafenib  Signature  (ISS).”  Correlation  of  IC50s  with 
each  individual  probe  expression  level  was  computed.  The  most  significant  probes  were 
summarized  by  the  first  principal  component  (PC)  analysis,  and  c  orrelated  with  the  IC50  of 
sorafenib.  To  validate  the  signature,  the  first  PC  was  computed  in  BATTLE  samples,  and 
progression-free  survival  (PFS)  of  patients  with  high-  vs.  low-sensitivity  signature  was  compared 
based  on  the  median  of  the  first  PC.  Then,  alternatively,  we  developed  a  “Clinical  Sorafenib 
Signature  (CSS)”  using  BATTLE  samples.  We  compared  23  (62%)  patients  who  achieved  8- 
week  disease  control  with  14  (38%)  who  did  not  (t-test).  The  most  significant  probe  sets  were 
summarized  by  the  first  PC,  and  PFS  of  patients  with  a  high-  vs.  low-sensitivity  signature  were 
compared.  To  validate  the  signature,  the  first  PC  was  computed  in  cell  lines  and  correlated  with 
IC50  of  sorafenib.  Finally,  we  tested  a  previously  reported  KRAS  mutation  gene  expression 
signature  derived  by  comparing  genes  differentially  expressed  in  mutant  vs.  wild-type  KRAS 
early  stage  resected  lung  adenocarcinomas  in  124  BATTLE  samples,  including  24  mutant 
KRAS. 

The  ISS  included  50  probes.  The  first  PC  was  correlated  with  the  IC50  of  sorafenib  (rho  =  -0.71, 
P  <  0.0001).  The  ISS  was  then  tested  in  BATTLE  samples,  and  PFS  was  significantly  different 
in  patients  with  the  high-  (median  PFS  3.61  months)  vs.  the  low-sensitivity  signature  (median 
PFS  1.84  months,  log-rank  P  =  0.0263).  The  CSS  developed  in  BATTLE  included  80  probe  sets 
summarized  using  the  first  PC.  PFS  was  significantly  different  in  patients  with  the  high-  vs.  the 
low-sensitivity  signature  (log-rank  P  <  0.0001).  The  CSS  was  then  tested  in  cell  lines  and  the 
first  PC  was  significantly  correlated  with  IC50  of  sorafenib  (rho  =  0.24,  P  =  0.0483).  Finally,  the 
KRAS  signature  was  significantly  associated  with  KRAS  mutation,  but  no  association  was 
observed  with  outcome  in  patients  treated  with  sorafenib  in  BATTLE. 

In  conclusion,  we  have  developed  two  gene  expression  signatures,  ISS  and  CSS,  that  predicted 
benefit  from  sorafenib  in  patients  with  chemorefractory  NSCLC  and  in  vitro  sensitivity  to 
sorafenib,  respectively  (Saintigny  et  al,  2012  AACR  Annual  Meeting). 
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Objective  2:  Determine  the  effect  of  targeted  agents  in  tumor  tissues,  and  identify  novel 
molecular  mechanisms  of  tumor  response  or  progression. 

Summary  of  Research  Findings 

The  work  of  this  objective  has  been  completed,  and  the  results  were  reported  last  year.  During 
this  last  year  of  the  unfunded  extension,  a  manuscript  describing  the  role  of  EMT  as  a 
mechanism  of  resistance  to  EGFR  tyrosine  kinase  treatment  in  BATTLE  patients  was  submitted 
for  publication  (Byers  et  al,  manuscript  submitted),  and  the  paper  describing  the  effect  of  KRAS 
oncogene-specific  substitutions  on  protein  behavior  and  implications  for  signaling  and  clinical 
outcome  in  sorafenib-treated  BATTLE  patients  was  published  (Ihle  et  al,  JNCI  2011). 

Key  Research  Accomplishments: 

•  Developed  two  novel  gene  signatures  that  predicted  8-week  disease  control  in  patients  with 
advanced  and  refractory  NSCLC  treated  with  sorafenib. 

•  Completed  and  submitted  a  manuscript  describing  the  EMT  novel  gene  signature  that 
predicted  8-week  disease  control  in  patients  with  advanced  and  refractory  NSCLC  with  wild- 
type  EGFR  tumors  treated  with  the  EGFR  TKI  erlotinib. 

•  Published  our  discovery  that  different  therapeutic  approaches  might  be  required  when 
treating  patients  with  NSCLC  harboring  different  mutant-KRAS  amino  acid  substitutions. 

Conclusions 

We  have  further  demonstrated  that  gene  expression  profiling  from  CNBs  is  a  feasible  approach 
for  predicting  response  and  identifying  potential  therapeutic  targets  in  refractory  NSCLC  patients 
treated  with  targeted  therapy.  We  have  developed  and  refined  gene  expression  signatures  that 
predict  8-week  disease  control  in  the  BATTLE  patients  with  EGFR  wild-type  tumors  who  were 
treated  with  EGFR  TKIs  (EMT  signature)  and  sorafenib.  In  addition,  we  published  our  discovery 
indicating  that  not  all  mutant-KRAS  amino  acid  substitutions  signal  the  effectors  in  a  similar  way 
in  NSCLC. 


Specific  Aim  4:  To  explore  new  preclinical  combinations  and  their  mechanisms  of 

action  by  targeting  mTOR  signaling  and  develop  phase  I  trials  to  test 
these  combinations. 

(PI  and  Co-PIs:  Suresh  Ramalingam,  M.D.,  Shi-Yong  Sun,  Ph.D.,  Haian  Fu,  Ph.D.) 

The  overall  objective  of  Aim  4  is  to  study  the  efficacy  of  mTOR  inhibitor  combination  therapies 
that  co-target  mTOR  and  PI3K/Akt  signaling.  Following  is  a  summary  of  our  research  progress 
for  Year  3: 

Objective  1:  To  study  the  efficacy  of  mTOR  inhibitor  combination  therapies  that  co¬ 
target  mTOR  and  PI3K/Akt  signaling. 

Summary  of  Research  Findings 

The  proposed  studies  in  this  objective  have  been  completed  and  summarized  in  previous 
reports.  The  findings  on  enhanced  anticancer  activity  by  the  combination  of  RAD001  and 
BEZ235  against  human  lung  cancer  in  vitro  and  in  vivo  has  been  summarized  and  published 
(see  Xu  et  al.,  PLoS  ONE,  2011).  In  addition,  the  study  on  BEZ235  induction  of  autophagy,  the 
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blockage  of  which  enhances  BEZ235’s  therapeutic  efficacy  against  lung  cancer  both  in  vitro  and 
in  vivo,  has  also  been  published  (see  Xu  et  al. ,  Cancer  Biol  Ther,  201 1 ). 

We  also  tested  the  effects  of  RAD001  in  combination  with  the  novel  PI3K  inhibitor,  BKM120,  in 
a  panel  of  human  lung  cancer  cell  lines,  and  found  that  the  combination  synergistically  inhibited 
the  growth  of  lung  cancer  cells  (combination  indexes  are  <  1).  The  combination  showed 
enhanced  effects  on  G1  arrest  (Fig.  1),  but  did  not  exhibit  augmented  effects  on  induction  of 
apoptosis.  In  a  long-term  colony  formation  assay,  we  further  showed  that  the  combination  of  low 
concentrations  of  BKM120  and  RAD001  was  much  more  than  either  agent  alone  in  inhibiting  the 
formation  and  growth  of  lung  cancer  cell  colonies  (Fig.  1).  Similarly,  the  combination  was  also 
more  effectively  than  either  agent  alone  in  inhibiting  the  growth  of  lung  cancer  xenografts 

without  apparently  reducing  mouse  body  weight  (Fig.  2).  All  these  results  indicate  that  the 

combination  of  BKM120  and  RAD001  effectively  inhibits  the  growth  of  lung  cancers  cells  in 
preclinical  settings,  warranting  further  clinical  testing  of  this  combination.  These  data  are  ready 
for  summary  and  publication. 

Using  these  results  as  preliminary  data,  we  have  submitted  a  new  proposal  (Project  1)  for  our 
lung  cancer  P01  renewal  application  in  which  we  will  elucidate  the  underlying  mechanisms  of 
these  effects  and  validate  our  findings  in  animal  models  and  in  clinical  trials.  The  first 

submission  of  this  project  received  the  best  score  among  all  projects,  and  the  revised 

application  has  been  recently  submitted. 

Based  in  part  on  the  BATTLE  data,  the  PI  of  this  project  submitted  a  R01  entitled  “Therapeutic 
potential  of  mTOR  kinase  inhibitors  in  lung  cancer,”  which  received  a  potentially  fundable  score 
(7th  percentile)  and  is  pending  a  funding  decision. 
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Fig.  2.  The  combination  of  BKM120  and  RAD001  is  more  effective  than  either  agent  alone  in  inhibiting 
the  growth  of  lung  cancer  xenografts  in  nude  mice  (A  and  B),  without  apparently  reducing  mouse  body 
weight  (C). _ _ 


Objective  2:  To  examine  whether  rapamycin-induced  Akt  activation  suppresses  ASK1- 
mediated  apoptosis  and  leads  to  decreased  therapeutic  efficacy. 

Summary  of  Research  Findings 

Our  studies  have  indicated  a  critical  role  of  ASK2  in  regulating  ASK1  through  recruiting  14-3-3 
into  the  ASK1  protein  complex.  We  have  completed  this  study  by  demonstrating  that 
phosphorylation  of  ASK2  at  S964  induces  14-3-3  binding,  which  subsequently  relays  a  survival 
signal  to  ASK1  through  binding  to  phosphorylated  ASK1  at  S967.  T  his  work  has  been 
published  in  Oncogene  (2010). 

Our  effort  was  then  shifted  to  understand  how  upregulated  Akt  upon  rapamycin  treatment  of 
cells  suppresses  the  ASK1  function  as  proposed.  We  examined  the  functional  interaction 
between  Akt  and  A  SKI,  as  ASK1  is  known  to  be  r  egulated  by  Akt  directly  through 
phosphorylation  at  S83  site.  Interestingly,  we  discovered  that  activated  Akt  induces 
phosphorylation  of  ASK1  at  S967,  a  14-3-3  binding  site  associated  with  cell  survival.  In  support 
of  this  finding,  treatment  of  cells  with  IGF1,  which  activates  Akt,  triggers  ASK1  phosphorylation 
at  S967  and  a  pS967-mediated  14-3-3  association.  On  the  other  hand,  inhibition  of  PI3K,  an 
upstream  activator  of  Akt,  reduces  S967  phosphorylation.  Thus,  Akt  may  exert  its  impact  on 
ASK1  through  a  dual  mechanism  through  S83  and  S967.  Our  recent  mechanistic  studies  have 
revealed  the  critical  importance  of  IKK  in  mediating  Akt-triggered  phosphorylation  of  S967.  This 
work  has  been  summarized  in  a  publication  pending  submission. 

mTOR  inhibition  by  rapamycin  induces  Akt  activation,  which  not  only  provides  a  feedback 
survival  mechanism,  but  also  releases  an  i  nhibitory  mechanism  through  phosphorylation  of 
PRAS40.  P  RAS40  is  an  Akt  substrate,  which  in  its  unphosphorylated  state  can  suppress 
mTOR  function.  Our  recent  studies  reveal  that  PRAS40  is  upregulated  in  lung  cancer  cells.  In 
particular,  the  phosphorylated  form  of  PRAS40  is  present  in  lung  cancer  cells  and  tumor  tissues, 
as  demonstrated  by  immunohistochemistry  studies.  We  propose  that  phosphorylation  of  up¬ 
regulated  PRAS40  allows  mTOR  signaling  and  promotes  tumorigenesis.  Indeed,  we  discovered 
that  PRAS40  promotes  tumorigenesis  in  part  by  enhancing  Atgl -mediated  autophagy.  Taken 
together,  our  research  suggests  that  Akt  activation  suppresses  mTOR  inhibitor’s  therapeutic 
efficacy  possibly  through  multiple  mechanisms,  including  ASK1  suppression  and  P  RAS40 
phosphorylation. 
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Objective  3:  To  conduct  two  phase  I  clinical  trials  to  test  the  efficacy  of  the  combination 
of  an  mTOR  inhibitor  with  an  Akt  or  an  EGFR  inhibitor  in  advanced  NSCLC 
patients  resistant  to  the  front  and  second  line  therapy,  and  assess  the 
modulation  of  targeted  biomarkers  from  tumor  tissues  before  and  after  the 
treatment. 

Summary  of  Research  Findings 

In  collaboration  with  investigators  at  MD  Anderson  Cancer  Center  and  Dana  Farber  Cancer 
Center,  a  phas  e  I  study  was  first  conducted  to  evaluate  the  combination  of  RAD001  with 
erlotinib.  Subsequently,  a  randomized  phase  II  study  was  performed  to  compare  the 
combination  against  monotherapy  with  erlotinib  alone  in  patients  with  advanced  stage  NSCLC. 
The  combination  was  well  tolerated,  without  undue  increase  in  the  incidence  of  adverse  events. 
There  was  a  trend  towards  improvement  in  PFS  for  the  combination  therapy,  but  the  differences 
did  not  reach  statistical  significance.  The  disease  control  rate  at  3  months  was  39%  for  the 
combination  compared  to  28%  for  monotherapy  with  erlotinib.  The  results  call  for  identification 
of  biomarkers  for  patient  selection.  Based  on  the  promising  pre-clinical  observations  in  objective 
1,  we  will  soon  initiate  a  phase  I  study  of  RAD001  with  BKM120,  a  PI3K  inhibitor.  This  study  will 
involve  sequential  biopsy  collection  to  understand  the  molecular  effects  of  the  combination  at 
the  level  of  the  tumor  tissue. 


Key  Research  Accomplishments: 

1.  The  combination  of  RAD001  and  BKM120  synergistically  inhibits  the  growth  of  human  lung 
cancer  cells  both  in  vitro  and  in  vivo. 

2.  With  results  generated  in  the  BATTLE  project  as  preliminary  data  for  a  well-scored  project, 
we  have  submitted  the  revision  of  our  P01  renewal  application. 

3.  Based  on  BATTLE  data,  we  have  submitted  a  new  R01  and  received  a  potentially  fundable 
score  (7th  percentile). 


Biostatistics  and  Data  Management  Core 

(Core  Director:  J  Jack  Lee,  Ph.D.) 

In  close  collaboration  with  the  Biomarker  Core,  the  clinical  research  team,  and  each  of  the  basic 
science  research  components,  the  Biostatistics  and  Data  Management  Core  (BDMC)  for  the 
Department  of  Defense  (DoD)  BATTLE  lung  cancer  research  program  is  a  c  omprehensive, 
multi-lateral  resource  for  designing  clinical  and  basic  science  experiments;  developing  and 
applying  innovative  statistical  methodology,  data  acquisition  and  m anagement,  and  statistical 
analysis;  and  publishing  translational  research  generated  by  this  research  proposal. 

The  main  objectives  of  the  BDMC  are  as  follows: 

1.  Develop  and  implement  a  novel  adaptive  randomization  scheme  for  assigning  patients 
into  the  treatment  arms  with  the  highest  probability  of  success. 

2.  Provide  the  statistical  design,  sample  size,  and  power  calculations  for  each  project. 

3.  Develop  a  secure,  internet-driven,  web-based  database  network  between  UTMDACC 
and  other  research  centers,  including  Emory  University  and  the  Dana-Farber  Cancer 
Center,  that  integrates  the  clinical  data  generated  by  the  five  proposed  clinical  trials  and 
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relating  basic  science  research  efforts  of  the  BATTLE  research  project. 

4.  Develop  a  c  omprehensive,  Web-based  database  management  system  for  tissue 
specimen  tracking  and  distribution  and  for  a  central  repository  of  all  biomarker  data. 

5.  Provide  all  statistical  data  analyses,  including  descriptive  analysis,  hypothesis  testing, 
estimation,  and  modeling  of  prospectively  generated  data. 

6.  Provide  prospective  collection,  entry,  quality  control,  and  integration  of  data  for  the  basic 
science,  pre-clinical,  and  clinical  studies  in  the  BATTLE  grant. 

7.  Provide  study  monitoring  and  conduct  that  ensures  patient  safety  by  timely  reporting  of 
toxicity  and  i  nterim  analysis  results  to  various  institutional  review  boards  (IRBs),  the 
UTMDACC  data  monitoring  committee,  the  DoD,  and  other  regulatory  agencies. 

8.  Generate  statistical  reports  for  all  projects. 

9.  Collaborate  with  all  project  investigators  and  assist  them  in  publishing  scientific  results. 

10.  Develop  and  adapt  innovative  statistical  methods  pertinent  to  biomarker-integrated 
translational  lung  cancer  studies. 

Summary  of  Research  Findings 

In  this  unfunded  extension  period,  the  Biostatistics  and  Data  Management  Core  continued  to 
work  with  project  investigators  and  provide  biostatistics  and  database  management  support  for 
all  active  projects  and  cores  in  the  BATTLE  program.  Although  the  clinical  trials  have  been 
completed,  extensive  effort  has  been  devoted  to  the  development  of  manuscripts  for  the  various 
aspects  of  the  proposed  research  and  clinical  trials.  Evaluation  and  analysis  of  the  clinical  and 
scientific  secondary  endpoints  continues. 

(A)  Biostatistics 

The  main  clinical  results  of  the  BATTLE  trial  (Aim  1)  were  reported  in  Cancer  Discovery  (E  Kim 
et  al.,  April  2011).  We  have  continued  to  work  with  clinical  and  basic  science  investigators  with 
additional  data  analysis  and  manuscript  writing.  Notably,  we  have  further  characterized  different 
types  of  KRAS  mutation  as  a  prognostic  factor  for  lung  cancer.  Microarray  data  were  analyzed 
in-depth  to  construct  the  EGFR-wild  type  signature,  EMT  signature,  and  the  sorafenib  signature 
reported  in  previous  sections  of  this  report.  The  manuscript  detailing  the  results  of  the  sorafenib 
study  was  submitted,  and  a  vandetanib  study-based  manuscript  is  in  preparation.  A  paper 
detailing  the  biopsy  methods  used  in  the  BATTLE  trial  to  acquire  fresh  tumor  tissue  was 
completed  and  submitted. 

(B)  Data  Management 
Database  programming  effort: 

•  Continue  to  work  closely  with  the  BATTLE  research  nurses  make  sure  the  data  is 
meticulously  updated,  cleaned,  and  is  accurate,  including  checking  patient  timelines  for 
consent,  randomization,  response  and  off  study,  etc.  Multiple  iterations  have  taken 
place  to  achieve  the  goal.  The  updated  data  serve  as  the  basis  for  the  writing  of  several 
BATTLE  manuscripts. 

•  Generated  many  reports  for  the  Statistical  Analyst  on  virtually  all  data  captured  to  help 
with  detailed  analysis  reports  and  statistics,  including  progression-free  survival  reports, 
off-study  reports,  tumor  measurement  data,  and  follow-pp  data. 

•  Generated  KRAS  and  EGFR  biomarker  reports  for  the  labs  to  review  and  statistical 
analysis. 
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Key  Research  Accomplishments: 

•  Performed  extensive  statistical  analysis  on  the  study  findings,  including  treatment  efficacy, 
toxicity,  compliance,  pre-specified  biomarkers,  and  discovery  biomarkers,  etc. 

•  Developed  and  maintained  a  secured,  Web-based  database  application  to  assist  with  the 
data  collection  and  analysis. 

•  A  web-based  database  application  is  developed,  deployed,  and  maintained  at: 
https://insidebiostat/DMI_BATTLE/Common/Login.aspx. 

Conclusions 

In  collaboration  with  clinical  investigators,  research  nurses,  the  Biomarker  Core,  and  bas  ic 
scientists,  the  Biostatistics  and  D  ata  Management  Core  have  delivered  the  biostatistics  and 
data  management  support  as  proposed. 


Biomarker  Core:  Perform  biomarker  assessment  to  stratify  patients  into  a  particular 
arm  of  clinical  trials  and  coordinate  the  distribution  of  clinical 
samples. 

(Core  Director:  Ignacio  Wistuba,  M.D.) 

The  Biomarker  Core,  in  close  collaboration  with  the  Clinical  Trial  team,  Research  Project 
Investigators  and  the  other  Cores,  has  played  an  important  role  in  achieving  the  objectives 
proposed  in  the  aims  of  the  proposed  BATTLE  program  by  acquiring  and  processing  lung 
cancer  tissue  specimens  and  performing  biomarker  analyses  for  the  stratification  of  patients  into 
clinical  trial  arms.  In  addition,  the  Core  has  played  an  important  role  in  the  discovery  of  novel 
molecular  signatures  and  mechanisms  of  therapy  resistance,  by  providing  BATTLE  tissue 
specimens  to  support  the  molecular  profiling  and  mechanistic  studies  of  response  or  resistance 
to  targeted  agents  used  in  the  BATTLE  trials. 

In  conclusion,  the  Biomarker  Core  has  successfully  combined  standard  methods  of 
histopathology  processing  and  assessment  of  lung  cancer  tissue  specimens  with  more 
advanced  tools  of  molecular  and  genetic  biomarker  analyses. 

Objective  1:  To  acquire,  bank,  process,  and  distribute  tumor  and  blood  specimens 
obtained  from  BATTLE  enrolled  patients  for  biomarker  analyses  and 
molecular  mechanistic  studies  of  targeted  agents. 

Summary  of  Research  Findings 

As  previously  reported,  this  Aim  was  completed  last  year. 


Objective  2:  To  perform  biomarker  analyses  and  report  results  in  a  timely  fashion 

for  patient  stratification  in  the  BATTLE  trials  and  molecular 
mechanistic  studies  of  the  targeted  agents. 

Summary  of  Research  Findings 

As  previously  reported,  this  Aim  was  completed  last  year. 
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Conclusions 

As  reported  the  previous  year,  in  collaboration  with  other  BATTLE  investigators,  we 
demonstrated  that  gene  expression,  miRNA,  and  protein  profiling  from  tumor  CNB  is  a  feasible 
approach  for  predicting  response  in  refractory  NSCLC  patients  treated  with  targeted  therapy. 

The  Biomarker  Core  contributed  significantly  to  many  of  the  important  discoveries  by  examining 
molecular  abnormalities  in  the  BATTLE  tumor  tissues.  We  have  developed  several  predictive 
gene  expression  signatures  in  collaboration  with  investigators  of  Specific  Aim  3  and  identified 
that,  in  NSCLC,  not  all  mutant-KRAS  amino  acid  substitutions  signal  the  effectors  in  a  similar 
way;  thus,  patients  with  KRAS-mutant  tumors  may  require  different  therapeutic  approaches  (Ihle 
etal,  JNCI,  2011). 

KEY  RESEARCH  ACCOMPLISHMENTS 

Specific  Aim  2.3.  To  investigate  the  molecular  mechanisms  of  resistance  to  and 
biomarkers  of  the  biologic  activity  of  inhibitors  of  the  VEGF  pathway 

•  Identified  that  KDR  CNGs  were  present  in  NSCLC  and  predicted  worse  outcome  in  patients 
treated  with  adjuvant  chemotherapy,  as  well  as  chemoresistance. 

•  Found  that  KDR  upregulates  pathways  associated  with  angiogenesis  and  invasiveness 
(HIF,  c-MET)  in  NSCLC  tumor  cells,  and  potentially  EGFR  inhibitor  resistance. 

•  Determined  that  in  NSCLC  cells  with  KDR  CNGs,  KDR  inhibitors,  such  as  vandetanib,  could 
block  invasiveness  and  downregulate  pathways  associated  with  resistance,  such  as  EZH2. 

•  Identified  a  new  subpopulation  of  circulating  endothelial  cells  (circulating  tumor  endothelial 
cells  or  CTECs)  and  d  emonstrated  that  CTECs  were  a  bi  omarker  for  VEGF  pathway 
inhibitor  response  in  NSCLC  preclinical  models,  and  were  present  in  NSCLC  patients. 

•  Identified  CA/Fs  associated  with  therapeutic  resistance  to  drugs  in  the  BATTLE  study, 
including  HGF  as  a  marker  of  vandetanib  resistance. 

Specific  Aim  3:  To  identify  biomarkers  as  novel  predictors  of  clinical  end  points  and 
potential  therapeutic  targets 

•  Developed  two  novel  gene  signatures  that  predicted  8-week  disease  control  in  patients  with 
advanced  and  refractory  NSCLC  treated  with  sorafenib. 

•  Completed  and  submitted  a  manuscript  describing  the  EMT  novel  gene  signature  that 
predicted  8-week  disease  control  in  patients  with  advanced  and  refractory  NSCLC  treated 
with  the  EGFR  TKI  erlotinib  with  wild-type  EGFR  tumors. 

•  Published  our  discovery  that  different  therapeutic  approaches  might  be  required  when 
treating  patients  with  NSCLC  harboring  different  mutant-KRAS  amino  acid  substitutions. 

Specific  Aim  4:  To  explore  new  preclinical  combinations  and  their  mechanisms  of 

action  by  targeting  mTOR  signaling  and  develop  phase  I  trials  to  test 
these  combinations. 

•  The  combination  of  RAD001  and  BKM120  synergistically  inhibits  the  growth  of  human  lung 
cancer  cells  both  in  vitro  and  in  vivo. 

•  With  results  generated  in  the  BATTLE  project  as  preliminary  data  for  a  well-scored  project, 
we  have  submitted  the  revision  of  our  P01  renewal  proposal. 

•  Based  on  BATTLE  data,  we  have  submitted  a  new  R01  and  received  a  potentially  fundable 
score  (7th  percentile). 
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Biostatistics  and  Data  Management  Core: 

•  Performed  extensive  statistical  analysis  on  the  BATTLE  study  findings,  including  treatment 
efficacy,  toxicity,  compliance,  pre-specified  biomarkers,  and  discovery  biomarkers,  etc. 

•  Developed  and  maintained  a  secured,  Web-based  database  application  to  assist  with  the 
data  collection  and  analysis. 

•  A  Web-based  database  application  is  developed,  deployed,  and  maintained  at: 
https://insidebiostat/DMI_BATTLE/Common/Login.aspx. 


PERSONNEL 


A  list  of  all  personnel  that  have  received  funding  from  this  research  grant  is  included  in 
Appendix  A. 
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CONCLUSIONS 


Aim  2.3:  Our  project  investigating  markers  for  VEGF  pathway  inhibitors  in  the  BATTLE  study 
has  led  to  a  candidate  tumor  marker,  KDR  CNGs,  that  is  now  undergoing  independent 
validation  using  samples  from  phase  III  trials.  If  result  is  positive,  KDR  CNGs  would  represent 
the  first  independently  validated  tumor  marker  for  VEGFR  inhibitors.  Our  data  suggest  that  KDR 
CNGs  may  also  be  a  useful  biomarker  for  chemoresistance  and  EGFR  inhibitor  resistance,  and 
we  have  demonstrated  key  signaling  pathways  downstream  of  KDR,  including  PI3K,  HIF,  EZH2, 
and  c-MET. 

We  have  also  identified  several  novel  blood-based  biomarkers  for  VEGF/R  inhibitors  including 
CTECs,  and  plasma  CA/Fs,  including  HGF.  We  have  gone  on  to  validate  HGF  as  a  mechanism 
of  resistance  in  preclinical  models  and,  based  on  t  hese  findings,  are  now  developing  trials 
targeting  c-MET  and  VEGF  pathways  simultaneously. 
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Aim  3:  We  have  further  demonstrated  that  gene  expression  profiling  from  CNBs  is  a  feasible 
approach  for  predicting  response  and  i  dentifying  potential  therapeutic  targets  in  refractory 
NSCLC  patients  treated  with  targeted  therapy.  We  have  developed  and  refined  gene  expression 
signatures  that  predict  8-week  disease  control  in  the  BATTLE  patients  with  EGFR  wild-type 
tumors  treated  with  EGFR  TKIs  (EMT  signature)  and  sorafenib.  In  addition,  we  published  our 
discovery  indicating  that  in  NSCLC,  not  all  mutant-KRAS  amino  acid  substitutions  signal  the 
effectors  in  a  similar  way. 

Aim  4:  In  collaboration  with  investigators  at  MD  Anderson  Cancer  Center  and  Dana  Farber 
Cancer  Center,  a  phase  I  study  was  first  conducted  to  evaluate  the  combination  of  RAD001  with 
erlotinib.  Subsequently  a  randomized  phase  II  study  was  performed  to  compare  the  combination 
against  monotherapy  with  erlotinib  alone  in  patients  with  advanced  stage  NSCLC.  The 
combination  was  well  tolerated  without  undue  i  ncrease  in  the  incidence  of  adverse  events. 
There  was  a  trend  towards  improvement  in  PFS  for  the  combination  therapy,  but  the  differences 
did  not  reach  statistical  significance.  The  disease  control  rate  at  3  months  was  39%  for  the 
combination  compared  to  28%  for  monotherapy  with  erlotinib.  The  results  call  for  identification 
of  biomarkers  for  patient  selection.  Based  on  the  promising  pre-clinical  observations  in  objective 
1,  we  will  soon  initiate  a  phase  I  study  of  RAD001  with  BKM120,  a  PI3K  inhibitor.  This  study  will 
involve  sequential  biopsy  collection  to  understand  the  molecular  effects  of  the  combination  at 
the  level  of  the  tumor  tissue. 


Biostatistics  and  Data  Management  Core:  In  collaboration  with  clinical  investigators,  research 
nurses,  the  Biomarker  Core,  and  basic  scientists,  the  Biostatistics  and  Data  Management  Core 
delivered  the  biostatistics  and  data  management  support  as  proposed. 


Biomarker  Core:  As  reported  the  previous  year,  in  collaboration  with  other  BATTLE 
investigators,  we  demonstrated  that  gene  expression,  miRNA,  and  protein  profiling  from  tumor 
CNB  is  a  feasible  approach  for  predicting  response  in  refractory  NSCLC  patients  treated  with 
targeted  therapy.  The  Biomarker  Core  contributed  significantly  to  many  of  the  important 
discoveries  by  examining  molecular  abnormalities  in  the  BATTLE  tumor  tissues.  We  have 
developed  several  predictive  gene  expression  signatures  in  collaboration  with  investigators  of 
Specific  Aim  3,  and  identified  that  in  NSCLC,  not  all  mutant-KRAS  amino  acid  substitutions 
signal  the  effectors  in  a  similar  way;  thus,  patients  with  KRAS-mutant  tumors  may  require 
different  therapeutic  approaches  (Ihle  et  al,  JNCI,  201 1 ). 
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Original  Article 


Epidermal  Growth  Factor  Receptor  and  K-Ras 
Mutations  and  Resistance  of  Lung  Cancer  to 
Insulin-Like  Growth  Factor  1  Receptor 
Tyrosine  Kinase  Inhibitors 

Woo-Young  Kim,  PhD1;  Ludmila  Prudkin,  PhD1;  Lei  Feng,  MS2;  Edward  S.  Kim,  MD1;  Bryan  Hennessy,  MD3; 

Ju-Seog  Lee,  PhD4;  J.  Jack  Lee,  PhD2,5;  Bonnie  Glisson,  MD1;  Scott  M.  Lippman,  MD1;  Ignacio  I.  Wistuba,  PhD6; 
Waun  Ki  Hong,  MD1;  and  Ho-Young  Lee,  PhD1,7 


BACKGROUND:  Most  patients  with  nonsmall  cell  lung  cancer  (NSCLC)  have  responded  poorly  to  epidermal  growth 
factor  receptor  (EGFR)  tyrosine  kinase  inhibitors  (TKIs).  The  authors  investigated  the  involvement  of  insulinlike  growth 
factor  1  receptor  (IGF-1R)  signaling  in  primary  resistance  to  EGFR  TKIs  and  the  molecular  determinants  of  resistance  to 
IGF-IRTKIs.  METHODS:  Phosphorylated  IGF-lR/insulin  receptor  (pIGF-lR/IR)  was  immunohistochemically  evaluated  in 
an  NSCLC  tissue  microarray.  The  authors  analyzed  the  antitumor  effects  of  an  IGF-1R  TKI  (PQIP  or  OSI-906),  either 
alone  or  in  combination  with  a  small-molecular  inhibitor  (PD98059  or  U0126)  or  with  siRNA  targeting  K-Ras  or  mito¬ 
gen-activated  protein  kinase/extracellular  signal-regulated  kinase  kinase  (MEK),  in  vitro  and  in  vivo  in  NSCLC  cells 
with  variable  histologic  features  and  EGFR  or  K-Ras  mutations.  RESULTS:  pIGF-lR/IR  expression  in  NSCLC  specimens 
was  associated  with  a  history  of  tobacco  smoking,  squamous  cell  carcinoma  histology,  mutant  K-Ras,  and  wild-type 
(WT)  EGFR,  all  of  which  have  been  strongly  associated  with  poor  response  to  EGFR  TKIs.  IGF-1R  TKIs  exhibited  signifi¬ 
cant  antitumor  activity  in  NSCLC  cells  with  WT  EGFR  and  WT  K-Ras  but  not  in  those  with  mutations  in  these  genes. 
Introduction  of  mutant  K-Ras  attenuated  the  effects  of  IGF-1R  TKIs  on  NSCLC  cells  expressing  WT  K-Ras.  Conversely, 
inactivation  of  MEK  restored  sensitivity  to  IGF-TKIs  in  cells  carrying  mutant  K-Ras.  CONCLUSIONS:  The  mutation  status 
of  both  EGFR  and  K-Ras  could  be  a  predictive  marker  of  response  to  IGF-1R  TKIs.  Also,  MEK  antagonism  can  abro¬ 
gate  primary  resistance  of  NSCLC  cells  to  IGF-1R  TKIs.  Cancer  2012;000:000-000.  ©  2012  American  Cancer  Society. 

KEYWORDS:  epidermal  growth  factor  receptor,  K-Ras,  insulinlike  growth  factor  1  receptor,  lung  cancer,  tyrosine 
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INTRODUCTION 

Lung  cancer,  usually  caused  by  years  of  tobacco  smoking,  is  the  leading  cause  of  cancer  deaths  in  the  United  States.1 
Because  conventional  chemotherapy  has  limited  efficacy  against  lung  cancer,  new  targeted  therapeutic  approaches  are 
being  investigated.  The  epidermal  growth  factor  receptor  (EGFR)  signaling  pathway  is  an  attractive  target  in  the  develop¬ 
ment  of  lung  cancer  treatments.  However,  treatment  with  erlotinib  and  gefitinib,  the  2  EGFR  tyrosine  kinase  inhibitors 
(TKIs)  approved  by  the  US  Food  and  Drug  Administration,  has  produced  poor  response  rates  in  patients  with  nonsmall 
cell  lung  cancer  (NSCLC).  Although  a  group  of  patients  with  somatic  mutations  in  EGFR  respond  to  these  EGFR 
TKIs,2"4  such  mutations  have  been  detected  in  only  5%  of  tumors  from  current  or  former  smokers,2  and  a  response  rate  to 
EGFR  TKIs  of  only  3.9%  has  been  reported  in  patients  with  NSCLC  and  a  history  of  tobacco  smoking  compared  with 
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24.7%  in  NSCLC  patients  who  have  never  smoked,5  sug¬ 
gesting  that  EGFR  may  not  be  the  appropriate  target  in 
NSCLC  patients  with  a  history  of  tobacco  smoking. 

Signaling  through  the  insulinlike  growth  factor  1  re¬ 
ceptor  (IGF-1R)  has  an  essential  role  in  cell  mitosis,  sur¬ 
vival,  and  transformation6'5  and  has  been  associated  with 
higher  risk  of  multiple  neoplasms.10'1-  IGF-1  stimulates 
IGF-1R  and  the  IGF-lR/insulin  receptor  (IGF-1R/IR)  het¬ 
erodimers.  Recently,  we  demonstrated  activation  of  the 
IGF-1R  signaling  axis  during  the  early  stages  of  lung  carci¬ 
nogenesis.13  We  found  that  activation  of  IGF-1R  in  the 
lungs  of  mice  as  a  result  of  IGF-1  overexpression  led  to 
spontaneous  lung  tumor  development  that  progressed  to 
adenocarcinoma  upon  exposure  to  tobacco  carcinogens. 
This  early  stage  of  lung  cancer  development  was  suppressed 
by  administration  of  a  selective  IGF-1R  TKI,  m-3-(3-[4 
methyl-piperazin-l-yl]  -cyclobutyl)  - 1  -  (2-phenyl-quinolin-7  - 
yl)-imidazo(l,5-<«)pyrazin-8-ylamine  (PQIP).13  Given  the 
importance  of  IGF-1R  signaling  in  most  human  cancers 
and  the  promising  results  of  clinical  trials  targeting  IGF-1R 
for  cancer  therapy,14  we  sought  to  evaluate  the  potential 
application  of  IGF-1R  TKIs  in  a  series  of  NSCLC  cells  with 
variable  histologic  and  genetic  characteristics  to  assess  poten¬ 
tial  determinants  of  response  or  resistance  to  these  drugs. 

Here,  we  report  that  the  activation  of  IGF-1R  via 
tobacco  smoking,  constitutive  activation  of  EGFR  via  so¬ 
matic  mutations,  and  IGF-lR-independent  activation  of 
signaling  through  mutant  K-Ras  are  potential  biomarkers 
of  response  or  resistance  of  NSCLC  cells  to  small-molecule 
IGF- 1R  TKIs,  including  PQIP  and  OSI-906.  Our  findings 
provide  a  rationale  for  the  therapeutic  use  of  IGF-  1R  TKIs, 
either  singly  or  in  combination  with  mitogen-activated  pro¬ 
tein  kinase  (MAPK)/extracellular  signal-regulated  kinase 
(MEK)  inhibitors,  in  tobacco  smoking-related  NSCLC, 
particularly  in  tumors  with  K-Ras  mutations. 

MATERIALS  AND  METHODS 
Cell  Lines 

NSCLC  cell  lines  were  obtained  from  American  Type 
Culture  Collection  or  provided  by  Dr.  John  Minna  (Uni¬ 
versity  of  Texas  Southwestern  Medical  Center,  Dallas, 
Texas).  The  cell  lines  were  authenticated  by  the  Genetic 
Resources  Core  Facility  at  Johns  Hopkins  University  (Bal¬ 
timore,  Md)  using  DNA  (short  tandem  repeat)  profiling. 

Protein  Analysis 

Antibodies  detecting  total  IGF-1R  (Santa  Cruz,  Calif), 
pIGF-IRp  (Tyrl  131/1 146),  pIGF-IRp  (Tyrll35/ 


1136),  pErkl/2,  pAkt,  pIRS-1,  total  IRS-1,  total  Erkl/2, 
total  Akt,  actin,  tubulin,  or  cleaved  caspase-3  (all  from 
Cell  Signaling  Technology,  Danvers,  Mass)  were  used  for 
Western  blotting.  The  culture  medium  without  serum 
was  harvested  after  2  days  of  cell  culture  and  concentrated 
with  a  Centricon  centrifugal  filter  unit  (Millipore,  Biller¬ 
ica,  Mass),  and  the  free  IGF-1  in  the  medium  was  meas¬ 
ured  with  an  enzyme-linked  immunosorbent  assay 
(ELISA)  kit  from  Diagnostic  Systems  Laboratories  (Web¬ 
ster,  Tex).  PQIP  and  OSI-906  were  provided  by  OSI 
Pharmaceuticals  (Melville,  NY).  Reverse-phase  protein 
array  was  performed  as  previously  described.15 

Tissue  Microarray  of  Primary  Tumor 
Specimens  and  the  Analysis 

Primary  NSCLC  tumor  specimens  were  collected  from 
354  patients  who  had  been  treated  at  our  institution 
under  an  institutional  review  board-approved  protocol 
and  had  given  their  informed  consent.  Demographic  in¬ 
formation  for  those  patients  was  described  previously.16 
Formalin-fixed,  paraffin-embedded  primary  NSCLC  sec¬ 
tions  (5  pm  thick)  were  placed  in  a  tissue  microarray 
(TMA).  Immunohistochemical  (IHC)  evaluation  of  the 
NSCLC  TMA  was  performed  as  previously  described.16 
Anti-pIGF-lR  (Tyr  1 135/1 136)/IR  (Tyrl  162/1 163) 
antibody  (Biosource,  Camarillo,  Calif;  diluted  1:200)  or 
anti-pEGFR  (Tyrl068)  antibody  (Zymed  Laboratories, 
San  Francisco,  Calif;  diluted  1:100)  was  used  for  staining. 
Immunostaining  for  IGF-1R,  and  pIGF-lR/IR  (mem¬ 
brane)  was  quantified  by  a  lung  cancer  pathologist  who 
used  a  4-value  intensity  score  (0,  1+,  2+,  and  3+),  and 
the  extent  of  reactivity  was  expressed  as  a  percentage.  A 
final  staining  score  was  calculated  by  multiplying  the  in¬ 
tensity  score  by  the  extent  of  reactivity  value  (range,  0- 
300).  EGFR  exons  18  to  21  and  the  K-Ras  mutational  hot 
spot  codons  12,  13,  and  61  were  amplified  as  described 
previously.3,4’17  Treated  polymerase  chain  reaction 
(PCR)  products  were  sequenced  using  a  Big  Dye  Termi¬ 
nator  v3.1  sequencing  kit  (Applied  Biosystems,  Foster 
City,  Calif).  Specimens  with  single  or  double  EGFR  and 
K-Ras  mutations  were  confirmed  using  repeated  PCR  and 
sequencing,  and  the  corresponding  normal  DNA  was 
sequenced  to  verify  that  the  mutations  were  somatic. 

in  Vitro  Drug  Sensitivity  and  Apoptosis 
Assays 

The  indicated  NSCLC  cells  were  treated  with  PQIP,  ei¬ 
ther  singly  or  in  combination  with  MEK  inhibitors,  in 
1%  fetal  bovine  serum  (FBS).  Cell  viability  was 
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determined  using  a  3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium  bromide  colorimetric  assay  as 
described  previously.  At  least  6  independent  samples 
were  used  for  the  assay.  Cell  apoptosis  was  analyzed  using 
immunofluorescence  staining  with  cleaved  caspase-3  anti¬ 
body  (BioVision,  Mountain  View,  Calif)  as  described  pre¬ 
viously.  U  Adenovirus  expressing  dominant-negative 
MEK1/2  was  described  previously,"  and  siRNA  against 
K-Ras  was  purchased  from  Dharmacon  (Longmont, 
Colo).  Anchorage-independent  growth  in  0.4%  agarose 
with  a  1%  agarose  underlay  was  measured  as  described 
previously.13 

Animal  Experiments 

All  animal  procedures  were  performed  in  accordance  with 
a  protocol  approved  by  The  University  of  Texas  MD 
Anderson  Cancer  Center  Institutional  Animal  Care  and 
Use  Committee.  Athymic  nude  mice  (BALB/c)  were 
obtained  from  Harlan  Laboratories  (Madison,  Wis).  Xen¬ 
ograft  tumors  were  generated  by  subcutaneous  injection 
of  H226B -K-Ras.  Briefly,  nude  mice  were  injected  at  a 
single  dorsal  flank  site  with  5  X  lCr  cells  in  200  pL  of 
phosphate-buffered  saline.  When  tumors  reached  a  vol¬ 
ume  of  50  to  200  mm3,  mice  were  treated  orally  with  ve¬ 
hicle,  OSI906  (40  mg/kg/d),  U0126  (4  mg/kg,  every 
other  day),  or  both  OSI-906  and  U0126;  the  first  day  of 
drug  treatment  was  termed  day  0.  Tumor  size  was  meas¬ 
ured  every  2  days.  Volumes  were  calculated  by  0.5  X  a  X 
b 2,  in  which  a  is  the  longer  and  b  the  shorter  diameter. 
Mean  tumor  volumes  and  95%  confidence  intervals  were 
determined. 

Statistical  Analysis 

Lor  the  TMA  data,  pIGF-lR  expression  levels  for 
NSCLC  patients  with  different  clinical  and  demographic 
characteristics,  including  sex,  history  of  tobacco  smoking, 
tumor  histologic  type,  and  EGFR  and  K-Ras  mutation 
status,  were  compared  using  Student  t  test,  the  Mann- 
Whitney  U  test,  or  analysis  of  variance.  Correlations 
among  TMA  specimens  stained  for  pIGF-lR/IR  and 
pEGFR  were  identified  using  the  Spearman  rank  correla¬ 
tion  coefficient.  For  the  drug  sensitivity  analysis,  the  2- 
tailed  Mann- Whitney  U  test  was  used  to  compare  sensi¬ 
tivity  between  the  mutant  and  wild-type  (WT)  K-Ras 
groups  of  cells.  All  analyses  were  conducted  using  SAS 
(SAS  Institute,  Cary,  NC)  or  SPSS  (SPSS  Inc.,  Chicago, 
Ill)./5  <  .05  was  considered  statistically  significant. 


RESULTS 

Activation  of  IGF-1R/IR  Is  Associated  With 
Histologic  Features,  History  of  Tobacco 
Smoking,  and  Mutations  of  EGFR  and  K-Ras 
in  Human  Lung  Cancer 

We  evaluated  the  expression  of  pIGF-lR/IR  in  surgical 
tumor  sections  obtained  from  patients  with  NSCLC. 
pIGF-lR/IR  staining  was  detected  in  the  cell  membrane 
(50%),  cytoplasm  (100%),  and  nucleus  (100%).  Given 
that  the  nature  of  IGF- 1 R  as  a  membrane  receptor  and 
the  role  of  nuclear  IGF-1R  staining  are  still  unclear,  we 
analyzed  the  membrane  staining  of  pIGF-lR/IR. 

Given  the  frequency  of  EGFR  mutation  (exons  1 8- 
21)  in  NSCLC  patients  who  have  never  smoked,  those 
with  adenocarcinoma,  and  those  with  WT  K-Ras2,4’17 -21"23 
and  the  crosstalk  between  the  EGFR  and  IGF-1R  signal¬ 
ing  pathways,  we  assessed  the  correlation  of  pIGF- 1 R/IR 
staining  with  the  frequency  of  EGFR  and  K-Ras  muta¬ 
tions  in  the  NSCLC  specimens.  pIGF-lR/IR  expression 
levels  were  higher  in  patients  with  squamous  cell  carci¬ 
noma  than  in  those  with  adenocarcinoma  (P  —  .019)  and 
were  higher  in  patients  with  a  history  of  tobacco  smoking 
(both  former  and  current  smokers)  than  in  patients  who 
had  never  smoked.  pIGF-lR/IR  level  and  EGFR  muta¬ 
tion  were  negatively  correlated,  with  a  marginal  signifi¬ 
cance  (Table  1).  In  addition,  pIGF-lR/IR  levels  were 
significantly  higher  in  patients  with  mutant  K-Ras  than  in 
those  with  WT  K-Ras.  The  negative  correlation  between 
pIGF-lR/IR  expression  and  mutant  EGFR  and  the  posi¬ 
tive  correlation  between  pIGF-lR/IR  expression  and 
mutant  K-Ras  were  also  observed  in  patients  with  adeno¬ 
carcinoma  (data  not  shown).  These  findings  suggest  that 
activation  of  the  IGF-1R  axis  is  strongly  correlated  with 
tobacco  smoking-induced  lung  carcinogenesis. 

NSCLC  Cell  Lines  Carrying  Mutant  EGFR  Are 
Independent  of  IGF-IR  Signaling  for  Survival 
and  Proliferation 

Given  the  negative  association  between  pIGF-lR/IR  level 
and  EGFR  mutation,  we  sought  to  explore  the  impact  of 
EGFR  mutation  on  the  sensitivity  of  NSCLC  cells  to 
PQIP,  an  IGF- 1  R/IR  TKI.24  We  first  examined  whether 
the  IGF-IR  signaling  pathway  was  functional  in  6 
NSCLC  cell  lines  carrying  mutant  EGFR  (L858R  or 
Del746-750).  IGF-l-induced  activation  of  IGF-IR  sig¬ 
naling  was  well  preserved  (Fig.  1A)  and  was  effectively 
inhibited  by  PQIP  (Fig.  IB)  in  the  EGFR  mutant  cell 
lines.  However,  the  viability  and  anchorage-independent 
colony-forming  ability  of  these  cells  remained  unchanged 
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Table  1.  Tissue  Levels  of  pIGF-IR/IR  in  Case  Patients  With 


Nonsmall  Cell 

Lung  Cancer 

Variable 

Category 

pIGF-IR/IR 

No. 

Mean  ±  SD 

P 

Smoking 

Never 

50 

8.8  ±  29.18 

Former 

134 

28.28  ±  49.99 

.008 

Current 

82 

30.85  ±  50.08 

.027 

Histology 

Squamous 

100 

35.0  ±  53.04 

Adenocarcinoma 

168 

19.75  ±  47.29 

.019 

EGFR 

Mutant 

25 

8.0  ±  28.28 

Wild  type 

159 

24.78  ±  48.63 

.066 

K-Ras 

Mutant 

22 

41.82  ±  53.06 

Wild  type 

157 

20.83  ±  45.99 

.015 

Abbreviations:  pIGF-IR/IR,  insulinlike  growth  factor  1  receptor/insulin 
receptor;  SD,  standard  deviation. 

Data  represent  analysis  of  variance  test  for  smoking  history,  with  P  values 
comparing  with  never  smoker;  independent  samples  t  test  for  histology; 
and  Mann-Whitney  test  for  EGFR  mutation  and  K-Ras  mutation. 


after  PQIP  treatment  (Fig.  1C).  These  findings  suggest 
that  the  NSCLC  cells  carrying  mutant  EGFR  harbor 
functional  IGF-1R  signaling  but  do  not  rely  on  the  path¬ 
way  for  cell  proliferation. 

K-Ras  Mutation  Is  a  Key  Determinant  of  the 
Response  of  NSCLC  Cell  Lines  carrying  WT 
EGFR  to  IGF-1R  inhibitors 

Findings  from  the  NSCLC  TMA  led  us  to  hypothesize 
that  NSCLC  cell  lines  that  are  derived  from  lung  epithe¬ 
lial  cells  exposed  to  tobacco  smoke"5  could  be  dependent 
on  IGF-1R  signaling  for  survival  and  proliferation,  thus 
providing  a  vulnerable  point  for  pIGF-IR/IR — targeted 
inhibitors.  To  test  this  hypothesis,  we  examined  a  panel  of 
16  NSCLC  cell  lines  carrying  WT  EGFR  with  various 
histologic  features  (squamous  cell  carcinoma,  bronchioal- 
veolar  carcinoma,  adenocarcinoma,  and  large-cell  carci¬ 
noma)  and  mutations  in  K-Ras  and  p53.  We  assessed  the 
effects  of  blockade  of  IGF-1R  signaling  by  PQIP  on  the 
proliferation  and  viability  of  these  NSCLC  cells.  When 
we  tested  the  sensitivity  to  PQIP  at  different  concentra¬ 
tions  (0.2-10  pM),  the  16  cell  lines  displayed  differential 
sensitivity  to  PQIP  treatment  (Fig.  2A).  We  sought  to 
identify  predictive  biomarkers  of  PQIP  sensitivity  in  the 
cells.  Although  no  obvious  correlation  was  seen  between 
PQIP  sensitivity  and  the  cells’  histologic  features  (Fig.  2A) 
or  expression  levels  of  IGF-1R,  IR,  or  pIGF-IR/IR  (Fig. 
2B),  the  NSCLC  cells  with  mutant  K-Ras  (listed  in  black) 
tended  to  have  poorer  sensitivity  to  PQIP  than  did  those 
with  WT  K-Ras  (listed  in  blue)  (Fig.  2A).  Moreover,  cell 
lines  carrying  mutant  K-Ras  (n  =  7)  showed  significantly 
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Figure  1.  Response  of  nonsmall  cell  lung  cancer  cell  lines  car¬ 
rying  mutant  EGFR  to  treatment  with  PQIP  is  shown.  (A)  The 
insulinlike  growth  factor  1  receptor  (IGF-1R)  signaling  path¬ 
way  is  activated  by  IGF-1  in  mutant  EGFR  cells.  (B)  PQIP 
inhibits  IGF-1R  phosphorylation  (p),  shown  in  a  subset  of  mu¬ 
tant  EGFR  cell  lines.  (C)  PQIP  does  not  affect  cell  viability  or 
anchorage-independent  colony  formation,  shown  in  3  mutant 
EGFR  cell  lines.  Columns  indicate  means  of  3  independent 
experiments;  bars  show  standard  deviation.  CON,  control. 


higher  viability  than  those  carrying  WT  K-Ras  (n  =  5)  at 
doses  of  0.2  and  1.0  pM  PQIP  (P  <  .05;  Fig.  2C). 

To  confirm  the  role  of  K-Ras  mutation  in  PQIP  re¬ 
sistance,  we  assessed  the  effects  of  PQIP  on  K-Ras  mutant 
and  WT  cells.  To  investigate  the  mechanism  by  which  K- 
Ras  mutation  rescues  NSCLC  cells  from  PQIP  treatment, 
we  examined  the  PQIP-induced  antiproliferative  activities 
of  H460  and  H 1 57  cells  after  mutant  K-Ras  was  knocked 
out  by  transfection  with  specific  siRNA  against  K-Ras. 
Both  H460  and  HI 57  cells  revealed  a  significantly 
enhanced  PQIP  sensitivity  after  K-Ras  expression  was 
silenced  by  transfection  with  specific  siRNA  (Fig.  2D, 
Top),  indicating  an  essential  role  of  mutant  K-Ras  in  media¬ 
ting  PQIP  resistance  in  the  NSCLC  cell  lines.  We  next 
assessed  the  effects  of  PQIP  on  IGF-1R  signaling  in  H596 
cells,  which  carry  WT  K-Ras,  and  A549  cells,  which  carry 
mutant  K-Ras.  We  found  that  PQIP  treatment  at  1  pM 
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Figure  2.  K-Ras  mutation  is  associated  with  poor  response  to  the  insulinlike  growth  factor  1  receptor  (IGF-1R)  tyrosine  kinase  in¬ 
hibitor  PQIP  in  wild-type  EGFR  nonsmall  cell  lung  cancer  (NSCLC)  cells.  (A)  Role  of  IGF  signaling  in  NSCLC  cells  with  mutant  K- 
Ras  (except  H1299;/V-f?as,  listed  in  black)  and  wild-type  K-Ras  (listed  in  blue)  is  shown.  The  effect  of  PQIP  on  the  survival/prolifer¬ 
ation  of  NSCLC  cells  was  examined  (1%  fetal  bovine  serum  [FBS]  in  culture  medium).  Each  result  is  displayed  as  a  colored  box; 
shades  of  blue  represent  the  cell  number  relative  to  the  control  as  a  percentage.  The  most  resistant  cells  are  at  the  top  and  the 
most  sensitive  at  the  bottom.  AC,  adenocarcinoma;  BAC,  bronchioalveolar  carcinoma;  SQ,  squamous  cell  carcinoma;  Large,  large¬ 
cell  carcinoma,  AS,  adenosquamous  carcinoma.  (B)  Relative  expression  of  IGF-1R,  insulin  receptor  (IR),  and  pIGF-lR/IR  is  shown 
in  a  panel  of  NSCLC  cell  lines.  (C)  Comparison  of  relative  sensitivity  to  PQIP  treatment  is  shown  between  the  mutant  (mut)  and 
wild-type  (wt)  K-Ras  groups.  Relative  cell  viability  decreased  by  >5%  in  response  to  treatment  with  1  |iM  PQIP  in  each  group.  (D; 
Top)  H460  and  H157  cells,  which  carry  mutant  K-Ras,  were  transfected  with  K-Ras  siRNA  or  Scr  (scrambled)  siRNA  and  then 
seeded  in  96-well  microplates.  The  cells  were  treated  with  PQIP  for  3  days  in  RPMI  containing  1%  FBS  and  then  subjected  to  3- 
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide  assay.  ( Bottom )  A549  and  H596  cells,  which  carry  mutant  and  wild- 
type  K -Ras,  respectively,  were  treated  with  the  indicated  concentrations  of  PQIP  for  6  hours  in  the  absence  of  FBS  and  then 
stimulated  with  IGF-1  for  30  minutes. 
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almost  completely  inhibited  IGF-induced  IGF- 1 R  and  Akt 
phosphorylation  in  H596  cells  (Fig.  2D,  Bottom).  Similar 
results  were  found  in  A549  cells,  indicating  that  PQIP  is 
effective  in  blocking  IGF-1R  signaling  in  NSCLC  cells 
regardless  of  K-Ras  mutation  status.  These  results  indicate 
that  the  mechanism  by  which  K-Ras  mutation  decreases 
NSCLC  cell  sensitivity  to  PQIP  is  independent  of  the 
ligand-induced  phosphorylation  of  IGF-1R. 

Mutant  K-Ras  Activates  IGF-IR/Akt  Signaling 
but  Leads  to  Resistance  to  IGF-iR/IR  TKi 

Given  the  strong  positive  correlation  between  IGF-1R  acti¬ 
vation  and  K-Ras  mutation  in  the  human  NSCLC  TMA 
and  the  inverse  correlation  between  PQIP  sensitivity  and 
K-Ras  mutation  in  NSCLC  cell  lines,  we  further  assessed 
the  role  of  K-Ras  mutation  in  the  IGF-1R  pathway  and 
PQIP  sensitivity  in  H226B  and  H596  cells  in  which  Green 
Fluorescence  Protein  (GFP)  or  mutant  K-Ras  had  been 
transduced  by  retroviral  infection.  W22GV>-K-Ras  cells 
showed  higher  levels  of  pIGF- 1 R  and  pAkt  and  lower  levels 
of  IGF-1R  than  those  in  H226B-GFP  cells  (Fig.  3A).  We 
also  observed  that  W22G¥>-K-Ras  cells  produced  more 
IGF-1  than  H226B-GFP  cells  did.  To  characterize  further 
molecular  sequelae  triggered  by  mutant  K-Ras,  we  per¬ 
formed  a  reverse-phase  protein  array.  Unsupervised  hier¬ 
archical  clustering  analyses  demonstrated  that  the  PI3K/ 
Akt  and  Ras/MAPK  pathways  were  activated  by  mutant  K- 
Ras  (Fig.  3B).  Although  PQIP  treatment  decreased  pIGF- 
1R/IR  and  pAkt  levels  in  both  cell  lines,  phosphorylation 
of  the  downstream  mediators  of  Akt,  including  pS6,  and 
pGSK,  was  efficiently  inhibited  by  PQIP  treatment  in 
H226B-GFP  cells  but  not  in  H226B— K-Ras  cells  (Fig.  3C). 
Furthermore,  H226B- K-Ras  and  H596— K-Ras  cells  were 
significantly  less  sensitive  to  PQIP  treatment  than  the  con¬ 
trol  cells  were  (Fig.  3D),  suggesting  that  IGF-1R  signaling 
is  enhanced  by  mutant  K-Ras;  however,  K-Ras  mutation 
abrogates  NSCLC  cell  sensitivity  to  PQIP  by  activating 
downstream  signaling,  including  p70S6K. 

Targeting  MEK  Overrides  the  Resistance  of 
Mutant  K-Ras  Cells  to  IGF-iR  TKi 

Because  p70S6K  is  known  to  be  activated  by  the  MEK/ 
Erk  pathway,  which  can  be  constitutively  activated  by 
K-Ras  mutation,  we  determined  whether  inactivation  of 
MEK  would  restore  the  antitumor  effects  of  PQIP  or 
OSI-906  (a  PQIP  derivative  currently  undergoing  a  phase 
1  clinical  trial  in  our  institute  in  NSCLC  cell  lines  carry¬ 
ing  mutant  K-Ras).  We  found  that  cotargeting  of  MEK, 
either  with  a  small-molecule  MEK  inhibitor  (PD98059 


or  U0126)  or  with  adenovirus  expressing  the  dominant¬ 
negative  form  of  MEK  (Ad-MEK-DN),  significantly 
enhanced  the  effects  of  PQIP  on  cell  viability  (Fig.  4A) 
and  anchorage-independent  colony-forming  ability  (Fig. 
4B)  in  representative  mutant  K-Ras  resistant  cell  lines. 
Furthermore,  the  percentage  of  apoptotic  cells  was  signifi¬ 
cantly  increased  by  the  combined  treatment  (Fig.  4C). 
These  results  suggest  that  inactivation  of  MEK  augments 
the  apoptotic  activities  of  PQIP  in  NSCLC  cells  carrying 
mutant  K-Ras.  We  finally  evaluated  the  combined  effects 
ofOSI-906  and  U0126  in  vivo.  The  mice  treated  with  ve¬ 
hicle  or  OSI-906  alone  showed  similar  H226B  K-Ras  tu¬ 
mor  growth  (Fig.  4D).  Pharmacologic  inhibition  of  MEK 
by  administration  of  U0126  dramatically  augmented  the 
effects  of  OSI-906  on  the  growth  of  the  tumors.  On  day  8 
after  the  first  dose,  the  mean  tumor  volume  for  mice  that 
received  combined  OSI-906  and  U0126  was  significantly 
smaller  than  the  mean  tumor  volume  for  mice  that 
received  vehicle,  OSI-906  alone,  or  U0126  alone.  IHC 
staining  of  Ki67  and  cleaved  caspase-3  in  the  tumors  dem¬ 
onstrated  that  the  combined  treatment  induced  a  decrease 
in  cell  proliferation  in  association  with  an  increase  in  cell 
apoptosis  in  vivo  (Fig.  4E).  Taken  together,  these  findings 
underscore  the  pivotal  role  of  activation  of  the  MEK/Erk 
pathway  through  K-Ras  mutation  in  the  primary  resist¬ 
ance  of  NSCLC  cells  to  IGF-lRTKIs. 

DISCUSSION 

In  the  present  study,  we  elucidate  potential  predictive 
markers  of  response  of  NSCLC  cells  to  IGF-lRTKIs.  We 
show  that:  1)  the  expression  of  IGF-IR/IR  in  NSCLC 
specimens  is  positively  associated  with  a  history  of  tobacco 
smoking,  squamous  cell  carcinoma,  WT  EGFR,  and  mu¬ 
tant  K-Ras ;  2)  somatic  mutation  of  EGFR,  which  confers 
addiction  to  the  EGFR  signaling  pathway,  induces  a  lack 
of  primary  response  to  IGF-IR  TKIs  in  NSCLC  cells; 
and  3)  K-Ras  mutation  causes  increased  production  of 
IGF-1  and  activation  of  the  IGF-IR  pathway  but  induces 
resistance  to  IGF-IR  TKIs.  Moreover,  our  findings  pro¬ 
vide  a  proof  of  principle  that  targeted  inactivation  of  IGF- 
1 R  by  a  TKI,  in  combination  with  MEK  inhibition,  can 
achieve  a  favorable  outcome  in  the  treatment  of  NSCLC 
patients  with  a  history  of  tobacco  smoking  and  mutant 
K-Ras. 

Several  preclinical  and  clinical  studies  have  shown 
encouraging  therapeutic  efficacy  of  EGFR  TKI  in 
NSCLC  with  mutant  EGFR~’3;  however,  the  limited 
response  rates  to  EGFR  TKIs  underscore  the  need  to 


6 


Cancer  Month  oo,  2012 


K-Ras  Mutation  in  NSCLC  and  IGF-IR/Kim  et  al 


GFP  K-Ras 


K-Ras 


pIGF-IR 


B 


GFP  K-Ras 
GFP  K-Ras 


0  13  6  (hrs) 

-  ^ 


AKT  pathway 
(p<0.05) 


Ras  pathway 
(p<0.05) 


L. 

1.2 

<D 

E 

1.0 

3 

C 

0.8 

a> 

0.6 

0 

0 

> 

0.4 

c 0 

0.2 

<D 

O' 

0 

1.2 

O 

JD 

1.0 

E 

pAKT  (S) 

3 

c 

0.8 

pAKT(T) 

pGSK3 

a> 

0.6 

pTSC2 

0 

pS6 

<D 

0.4 

p4EBP(S65) 

> 

SGK 

CO 

0.2 

pMAPK 

a> 

pMEKI/2 

0 

P-p38(T) 

c-JUN 

□  GFP 


K-Ras 


PQIP(pM) 


Figure  3.  Mutant  K-Ras  is  a  determining  factor  of  insulinlike  growth  factor  1  receptor  (IGF-1R)  tyrosine  kinase  inhibitor  sensitivity  of 
nonsmall  cell  lung  cancer  (NSCLC)  cells.  (A)  The  secreted  IGF-1  level  from  NSCLC  cells  was  enhanced  by  mutant  K-Ras.  H226B-GFP 
or  H226B-K -Ras  cells  (H226B  cells  stably  transduced  with  retrovirus  expressing  Green  Fluorescence  Protein  (GFP)  or  mutant  K-Ras, 
respectively)  were  cultured  in  1%  fetal  bovine  serum  for  3  days.  The  conditioned  media  (CM)  from  H226B-GFP  and  H226B -K-Ras  cells 
were  applied  to  an  IGF-1  enzyme-linked  immunosorbent  assay.  (B)  Hierarchical  clustering  of  protein  expression  data  from  H226B- 
GFP  and  H226B -K-Ras  cells  is  shown  (n  =  3  each).  Reverse-phase  protein  array  data  are  shown  for  131  protein  features.  The  data  are 
presented  in  a  matrix  format:  rows  represent  individual  protein  features,  and  columns  represent  individual  samples.  Each  cell  in  the 
matrix  represents  the  expression  level  of  a  protein  feature  in  an  individual  cell  sample.  Red  and  green  reflect  relatively  high  and  low 
expression  levels,  respectively.  A  total  of  50  proteins  showed  differences  with  P  <  .05  by  Student  t  test;  of  these,  the  molecules 
related  to  Akt  signaling  and  Ras/MAPK  signaling  are  shown  in  the  bottom  panels.  The  data  were  analyzed  by  using  the  Cluster  and 
TreeView  programs.  (C)  Molecular  changes  of  the  IGF-IR/Akt  pathway  by  mutant  K-Ras  and  PQIP  are  shown.  H226B-GFP  and  H226- 
K-Ras  cells  were  treated  with  PQIP  (1  pM),  and  the  cells  were  harvested  at  the  indicated  time  point.  (D)  Mutant  K-Ras  enhanced  the 
resistance  of  NSCLC  cells  to  PQIP.  Relative  cell  survival  after  PQIP  treatment  for  3  days  is  shown.  Mutant  K-Ras  blunted  the  sensitivity 
of  226B  and  H596  cells  to  PQIP.  Columns  indicate  means  of  3  independent  experiments;  bars  represent  standard  deviation. 
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Figure  4.  Cotargeting  of  insulinlike  growth  factor  1  receptor  (IGF-1R)  and  K-Ras  signaling  overrides  the  resistance  to  IGF-1R  tyro¬ 
sine  kinase  inhibitor  (TKI)  driven  by  the  K-Ras  mutation  in  vitro  and  in  vivo.  (A)  Relative  cell  survival  of  mutant  Ras  resistant  non¬ 
small  cell  lung  cancer  (NSCLC)  cells  is  shown  after  treatment  with  an  IGF-1R  TKI  (PQIP,  5  |jM),  an  mitogen-activated  protein 
kinase/extracellular  signal-regulated  kinase  (MEK)  inhibitor  (PD98059  [10  riM]  or  U0126  [2  (.iM  or  1  |.iM]),  or  both.  (B)  Effect  of 
combined  IGF-1R  and  MEK  inhibition  on  anchorage-independent  colony-forming  ability  of  NSCLC  cells  with  mutant  Ras  is  shown. 
The  indicated  NSCLC  cells  seeded  in  soft  agar  were  treated  with  PQIP  (1  |.iM),  U0126  (2  jiM),  or  both.  Ad-MEK-DN,  dominant  neg¬ 
ative  form  MEK  expressing  adenovirus;  Ad-EV,  empty  adenovirus.  The  relative  colony  numbers  are  shown.  (C)  Synergistic  apopto- 
tic  effect  of  combined  treatment  with  PQIP  (5  |iM)  and  U0126  (1  |iM)  on  apoptosis  of  mutant  /<-/?as-H157  NSCLC  cells  is  shown. 
The  active  form  of  caspase-3  was  stained,  and  the  percentage  of  apoptotic  cells  is  plotted.  CON,  control.  (D)  Mice  bearing 
H226B-K-Ras  xenograft  tumors  (2  tumors  per  mouse,  4  or  5  mice  per  group)  were  treated  with  vehicle  (control),  OSI-906  (40 
mg/kg,  once  per  day),  U0126  (4  mg/kg,  every  other  day),  or  both  OSI-906  and  U0126  as  indicated.  Day  0  represents  the  first 
day  of  drug  treatment.  Data  are  means  and  95%  confidence  intervals.  (E)  Immunohistochemical  staining  of  the  xenograft  tumors 
in  D  with  Ki67  and  cleaved  caspase-3  antibody  was  performed,  and  results  are  shown  for  at  least  4  tumors  in  each  group.  LFP, 
Lowe  power  field. 
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develop  effective  treatment  strategies  for  patients  with 
WT  EGFR.  Targeting  the  IGF- 1R  pathway  is  1  emerging 
strategy.  The  2  major  approaches  are  small-molecule 
IGF-1R  TKIs  and  anti— IGF- 1R  monoclonal  antibodies. 
However,  limited  data  are  available  about  predictors  of 
sensitivity  to  the  anti-IGF-lR  approaches.  In  this  study, 
we  identified  predictors  that  could  be  used  in  clinical  trials 
of  IGF-1R  TKIs  in  NSCLC  patients.  Previous  studies 
have  shown  high  levels  of  IGF-1R  expression  in  squamous 
cell  carcinoma  histology."7  By  analyzing  a  TMA  of  speci¬ 
mens  from  354  patients  with  NSCLC,  we  extended  this 
observation,  showing  high  levels  of  pIGF-lR/IR  in 
patients  with  squamous  cell  carcinoma.  These  data  sug¬ 
gest  that  squamous  cell  carcinoma  may  be  more  sensitive 
to  IGF- 1 R  TKIs  than  lung  adenocarcinoma  is.  However, 
previous  reports  and  our  current  results  show  that  tumor 
histology  is  not  a  predictive  marker  of  response  to  IGF- 
lR-targeted  strategies.  We  also  observed  significantly  ele¬ 
vated  pIGF-lR/IR  levels  in  patients  with  a  history  of 
tobacco  smoking,  those  with  mutant  K-Ras,  and  those 
with  WT  EGFR,  all  of  which  have  been  strongly  associ¬ 
ated  with  poor  response  to  EGFR  TKIs. 

Numerous  studies  have  suggested  that  human  can¬ 
cer  cells  can  be  highly  dependent  on  single  or  multiple 
pathways  that  are  overly  activated,  conferring  tumorigenic 
potential,28'30  and  successful  anticancer  therapeutic  strat¬ 
egies  would  rely  on  the  selection  of  patients  harboring 
tumors  that  rely  on  those  pathways  for  cell  growth  and 
survival.  Our  previous  and  current  findings  show  that 
transformed  lung  epithelial  cell  lines  induced  by  tobacco 
smoking  components  had  an  elevated  expression  of  pIGF- 
1 R/IR  and  were  sensitive  to  the  molecularly  targeted  strat¬ 
egies  against  the  IGF-1R  system.  ’  ’  Tobacco  smoking 
components  such  as  4-(methylnitrosamino)-l-  (3-pyri- 
dyl)-l-butanone  have  been  shown  to  induce  genetic 
changes  in  p53  and  PTEN,  which  regulate  IGF-2  and 
IGF-1R  expression.33'34  NNK  can  also  induce  phospho¬ 
rylation  and  degradation  of  p53  via  activation  of  Akt.35 
Although  we  did  not  have  mechanistic  evidence  for 
tobacco  smoking-induced  activation  of  IGF- 1  R/IR  sig¬ 
naling  in  lung  carcinogenesis,  impact  of  the  IGF- 1R  path¬ 
way  in  cell  proliferation  and  survival  suggested  that 
targeting  IGF-1R  could  be  an  effective  therapeutic  strat¬ 
egy  for  NSCLC  patients  with  tobacco  smoking  history. 
This  notion  and  our  subsequent  findings,  including  1)  the 
characteristics  of  patients  with  NSCLC  harboring  ele¬ 
vated  pIGF-lR/IR  levels  were  negatively  correlated  with 
those  of  patients  harboring  EGFR  mutation,  and  (2) 
PQIP  treatment  effectively  inhibited  stimulation  of  the 


IGF-1R  pathway  but  had  little  antitumor  activity  in  mu¬ 
tant  EGFR-ex pressing  NSCLC  cells,  led  us  to  hypothesize 
that  a  history  of  tobacco  smoking  and  EGFR  mutation  are 
predictive  biomarkers  for  absence  of  responsive  to  IGF- 
1R  TKIs.  However,  we  found  that  only  a  subset  of  human 
NSCLC  cell  lines  with  high  pIGF-lR/IR  levels  and  WT 
EGFR  were  sensitive  to  PQIP  treatment.  These  observa¬ 
tions  suggest  that  EGFR  mutation  is  not  a  predictive 
marker  to  response  to  IGF-1R  TKI-based  therapies. 

Considering  the  potential  mechanisms  of  crosstalk 
between  EGFR  and  IGF-1R  signaling,18’36-38  inhibition 
of  IGF-1R  signaling  could  have  been  compensated  for 
by  enhanced  activation  through  EGFR.  However, 
NSCLC  cells  expressing  mutant  Ras  did  not  exhibit  sig¬ 
nificantly  enhanced  sensitivity  in  response  to  cotargeting 
of  IGF-1R  and  EGFR  by  treatment  with  PQIP  and  the 
EGFR  TKI  erlotinib,  whereas  the  same  regimen  signifi¬ 
cantly  reduced  cell  viability  in  a  subset  of  head  and  neck 
squamous  cell  carcinoma  cell  lines  carrying  WT  K-Ras 
(data  not  shown). 

It  has  been  suggested  that  sensitivity  of  NSCLC  cells 
to  TKIs  of  IGF-1R  and  EGFR,  either  alone  or  their  com¬ 
bination,  is  determined  by  the  epithelial-to-mesenchymal 
transition.36,39  However,  epithelial-to-mesenchymal  tran¬ 
sition  status  was  not  a  consistent  predictive  marker  for 
insensitivity  to  antagonism  against  IGF-1R  or  to  co target¬ 
ing  IGF-1R  and  EGFR.  ’6  These  findings  indicate  the 
involvement  of  additional  biomolecules  that  differentiate 
the  NSCLC  cell  response  to  IGF- 1 R  TKIs. 

Our  current  findings  from  several  in  vitro  and  in 
vivo  experiments  indicate  that  mutant  K-Ras  differentiates 
the  response  to  IGF-1R  inhibitors.  In  the  current  study, 
we  found  evidence  that  activation  of  the  IGF- 1R  pathway 
is  correlated  with  K-Ras  mutation,  which  may  increase 
IGF-1  production,  as  shown  by  significantly  higher  levels 
of  IGF- 1  in  the  conditioned  media  from  H226B  cells  har¬ 
boring  mutant  K-Ras  compared  with  those  harboring  WT 
K-Ras  (Fig.  3A).  Therefore,  K-Ras  mutation  could  be  a 
driving  force  for  activation  of  the  IGF-1R  pathway  and 
may  thus  be  a  predictive  marker  of  sensitivity  to  IGF-1R 
blocking.  However,  our  subsequent  results  clearly  show 
that  mutant  K-Ras  is  a  poor  predictive  marker  of  the  thera¬ 
peutic  efficacy  of  the  drugs:  1)  mutant  K-Ras  led  to 
increased  resistance  to  PQIP  in  many  assay  systems,  and 
2)  the  inactivation  of  K-Ras  or  MEK  by  genomic 
approaches  (siRNA  targeting  K-Ras,  Ad-MEK-DN)  or 
pharmacologic  approaches  (PD98059,  U0126)  induced 
antitumor  activity  of  IGF-1  R  TKIs  (PQIP,  OSI-906)  in 
vitro  and  in  vivo  in  mutant  K-Ras  cell  lines.  These 
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findings  highlight  the  need  for  stratification  of  patients 
on  the  basis  of  K-Ras  mutation,  in  addition  to  history  of 
tobacco  smoking  and  EGFR  mutation,  when  an  IGF- 
lR-targeted  therapeutic  regimen  is  considered  in  clinical 
trials. 

In  summary,  this  study  characterizes  potential  pre¬ 
dictive  markers  of  actions  of  IGF-1R  TKIs.  Our  findings 
show  that  activation  of  IGF-1R/IR  is  mutually  exclusive 
with  activation  of  EGFR  and  is  associated  with  tobacco 
smoking  in  NSCLC,  suggesting  that  transformed  lung 
epithelial  cells  and  NSCLC  cells  are  dependent  on  IGF- 
1R/IR  signaling  for  survival  and  sustained  proliferation. 
However,  we  also  provide  evidence  for  the  first  time  that 
mutation  in  K-Ras  is  associated  with  activation  of  IGF-1R 
and  the  development  of  physiologically  redundant  signal¬ 
ing  in  patients  with  NSCLC,  implicating  mutant  K-Ras  as 
an  important  predictive  marker  to  optimize  the  clinical  ef¬ 
ficacy  of  the  IGF-lR-targeting  strategy.  Further  investi¬ 
gation  is  warranted  into  the  discovery  of  the  predictive 
biomarkers  for  IGF-lR-targeted  therapy  and  the  exact 
mechanism  of  synergy  between  IGF- 1 R  TKIs  and  MEK 
inhibitors. 
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ABSTRACT 

Lung  cancer,  of  which  non-small-cell  lung  cancer  com¬ 
prises  the  majority,  is  the  leading  cause  of  cancer- 
related  deaths  in  the  United  States  and  worldwide. 
Lung  adenocarcinomas  are  a  major  subtype  of  non- 
small-cell  lung  cancers,  are  increasing  in  incidence  glo¬ 
bally  in  both  males  and  females  and  in  smokers  and 
non-smokers,  and  are  the  cause  for  almost  50%  of 
deaths  attributable  to  lung  cancer.  Lung  adenocarci¬ 
noma  is  a  tumour  with  complex  biology  that  we  have 
recently  started  to  understand  with  the  advent  of 
various  histological,  transcriptomic,  genomic  and  pro- 
teomic  technologies.  However,  the  histological  and 
molecular  pathogenesis  of  this  malignancy  is  still 
largely  unknown.  This  review  will  describe  advances  in 
the  molecular  pathology  of  lung  adenocarcinoma  with 
emphasis  on  genomics  and  DNA  alterations  of  this 
disease.  Moreover,  the  review  will  discuss  recognized 
lung  adenocarcinoma  preneoplastic  lesions  and 
current  concepts  of  the  early  pathogenesis  and  pro¬ 
gression  of  the  disease.  We  will  also  portray  the  field 
cancerization  phenomenon  and  lineage-specific  onco¬ 
gene  expression  pattern  in  lung  cancer  and  how  both 
remerging  concepts  can  be  exploited  to  increase  our 
understanding  of  lung  adenocarcinoma  pathogenesis 
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for  subsequent  development  of  biomarkers  for  early 
detection  of  adenocarcinomas  and  possibly  personal¬ 
ized  prevention. 

Key  words:  airway  epithelium,  field  cancerization, 
genetics,  lung  cancer,  molecular  biology. 


INTRODUCTION 

Lung  cancer  is  the  leading  cause  of  cancer  deaths  in 
the  United  States  and  worldwide  in  both  developing 
and  developed  regions.1  The  high  mortality  of  this 
disease  is  in  part  due  to  the  late  diagnosis  of  the 
majority  of  lung  cancers  after  regional  or  distant 
spread  of  the  malignancy2  and  when  only  palliative 
treatment  options  are  available.3  Given  that  various 
epithelial  tumours  develop  in  a  multi-stage  stepwise 
fashion,  it  is  plausible  to  assume  that  early  diagnosis 
of  lung  cancer  or  intraepithelial  lesions  coupled  with 
effective  prevention  strategies  will  improve  survival  of 
patients  and  reduce  the  significant  health  burden  and 
mortality  associated  with  this  disease.3  Despite  recent 
encouraging  findings  from  the  National  Lung  Screen¬ 
ing  Trial  (NLST),4  early  detection  of  lung  cancer  is 
challenging  due  to  the  lack  of  biomarkers  for  early 
diagnosis  of  the  disease  and  to  the  presence  of  mul¬ 
tiple  neoplastic  molecular  pathways  that  mediate 
lung  carcinogenesis.  A  better  understanding  of  the 
molecular  origins  of  lung  cancer  is  expected  to  pave 
the  way  for  unmet  effective  and  personalized  strate¬ 
gies  for  lung  cancer  prevention  and  treatment. 

The  two  major  forms  of  lung  cancer  are  non-small- 
cell  lung  cancer  (NSCLC),  which  accounts  for 
approximately  85%  of  all  diagnosed  lung  cancers,  and 
small-cell  lung  cancer  (SCLC),  which  constitute  about 
15%  of  lung  neoplasms.2  NSCLC  is  comprised  of  three 
major  histological  subtypes,  squamous-cell  carcino¬ 
mas  (SCC),  lung  adenocarcinomas  and  large-cell  lung 
carcinomas.2,5  Several  major  differences  exist  between 
adenocarcinomas  and  SCC,  the  two  major  subtypes  of 
NSCLC.  Compared  with  SCC  and  SCLC  that  arise  from 
the  major  bronchi  and  are  centrally  located,  pulmo¬ 
nary  adenocarcinomas  arise  from  small  bronchi, 
bronchioles  or  alveolar  epithelial  cells,  and  are  typi¬ 
cally  peripherally  located  as  reviewed  elsewhere.2,5-7 
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Clinically,  SCC  and  lung  adenocarcinoma  respond 
differendy  to  chemotherapeutic  agents,  exemplified 
by  the  use  of  pemetrexed  for  treatment  of  the  latter 
subtype  and  not  for  SCC.8,9  Moreover,  although 
smoking  is  the  major  causative  factor  in  lung  cancer 
pathogenesis,  significant  differences  in  smoking  pat¬ 
terns  are  observed  between  the  two  major  NSCLC 
histological  subtypes.  Whereas  SCC  pathogenesis  is 
strongly  linked  to  smoking,  lung  adenocarcinoma  is 
the  more  common  histological  subtype  in  never- 
smoker  patients.10-13  Accumulating  evidence  suggests 
that  lung  adenocarcinoma  arising  in  never- smokers  is 
a  disease  with  different  pathological  and  epidemio¬ 
logical  features  compared  with  adenocarcinomas 
causally  linked  to  cigarette  smoking.13  Specifically, 
never-smoker  lung  adenocarcinoma  is  more  com¬ 
monly  diagnosed  in  females  compared  with  males14 
and  is  more  frequently  found  in  eastern  and  southern 
parts  of  the  Asian  continent,15  and  displays  better 
prognosis  and  survival  compared  with  ever-smoker 
patients.21213  At  the  molecular  level,  and  to  date,  two 
major  pathways  are  thought  to  mediate  lung  adeno¬ 
carcinoma  development:  an  epidermal  growth 
factor  receptor  {EGFR) -dependent  pathway  in 
never- smokers  and  a  Kirsten  rat  sarcoma  oncogene 
{KRAS]- dependent  signalling  module  in  smokers16-23 
(discussed  further  later).  Further  understanding  of 
lung  adenocarcinoma  pathogenesis  would  be  needed 
to  unravel  other  pathways  that  play  important  roles 
in  development  of  this  major  subtype  of  lung  cancer. 

Lung  adenocarcinomas  have  a  wide  spectrum  of 
clinical,  molecular  and  histological  features.24  The 
2004  World  Health  Organization  (WHO)  classification 
of  lung  tumours  included  four  growth  patterns  for  its 
adenocarcinoma  classification:  bronchioloalveolar 
(BAC;  also  known  as  lepidic),  acinar,  papillary  and 
solid.24  Most  invasive  lung  adenocarcinomas  are 
heterogeneous  in  nature  and  include  more  than  one 
of  these  histological  patterns.24,25  The  existing  lung 
adenocarcinoma  histological  heterogeneity  and  the 
varying  clinicopathological  features  (e.g.  patient 
outcome)  of  the  aforementioned  histological  patterns 
highlight  the  importance  of  incorporating  histologi¬ 
cal  pattern  information  into  clinical  management  of 
this  complex  disease.  More  recently,  the  European 
Respiratory  Society  (ERS),  the  International  Associa¬ 
tion  for  the  Study  of  Lung  Cancer  (1ASLC)  and  the 
American  Thoracic  Society  (ATS)  sponsored  a  new 
classification  of  lung  adenocarcinoma.26  The  new 
classification  study  presented  several  modifications 
to  the  WHO  2004  criteria  for  diagnosis  of  resected 
adenocarcinoma  specimens.  Mainly,  the  consortium 
study  suggested  that  the  term  BAC  should  be  discon¬ 
tinued.26  Instead,  it  is  agreed  that  adenocarcinoma  in 
situ  (A1S)  and  minimally  invasive  adenocarcinoma 
(MIA)  are  to  be  used  for  small  adenocarcinomas  with 
either  pure  lepidic  growth  or  predominant  lepidic 
growth  with  less  than  5  mm  invasion,  respectively.26 
Moreover,  the  new  classification  dropped  the  use 
of  mixed  subtype,  and  instead,  adenocarcinomas 
are  classified  according  to  their  predominant 
subtype.26 

This  review  will  describe  advances  in  the  molecular 
pathology  of  lung  adenocarcinoma  with  emphasis 
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on  genomics  and  DNA  alterations  of  this  disease. 
Moreover,  the  review  will  describe  recognized  lung 
adenocarcinoma  preneoplastic  lesions  and  current 
concepts  of  the  early  pathogenesis  and  progression  of 
the  disease.  We  will  also  portray  the  field  canceriza- 
tion  phenomenon  and  lineage-specific  oncogene 
expression  pattern  in  lung  cancer  and  how  both 
remerging  concepts  can  be  exploited  to  increase  our 
understanding  of  lung  adenocarcinoma  pathogenesis 
for  subsequent  development  of  biomarkers  for  early 
detection  of  adenocarcinomas  and  possibly  personal¬ 
ized  prevention. 


REVIEW 

Molecular  pathology  of  lung  adenocarcinoma 

Lung  adenocarcinomas  exhibit  unique  genomic  aber¬ 
rations  compared  with  lung  SCC,  indicating  that  the 
molecular  pathology  of  both  NSCLC  subtypes  encom¬ 
passes  different  molecular  pathways  of  development 
and  progression.2  Earlier  studies  have  shown  that 
lung  SCC  exhibit  higher  frequencies  of  deletions  at 
chromosomal  regions  17pl3  ( TP53 ),  13ql4  [RB],  9p2f 
( CDKN2A ),  8p21-23  and  3p  compared  with  lung 
adenocarcinomas.27-29  Moreover,  many  of  the  afore¬ 
mentioned  molecular  abnormalities  (e.g.  allelic  losses 
at  9p21  and  i3q24)  occur  in  the  sequential  multi-step 
progression  of  SCC  but  not  of  adenocarcinomas.6,27  In 
contrast,  mutations  in  the  KRAS,  EGFR  and  ELER2I 
NEU  oncogenes  occur  almost  exclusively  in  adeno¬ 
carcinomas.2,20,22,23,30,31  Amplification  of  the  embryonic 
stem  cell  (ESC)  factor  sex  determining  Y-box  2  ( S0X2 ) 
is  exclusive  to  SCC,32,33  and  increased  gene  dosage 
and  protein  expression  of  thyroid  transcriptional 
factor-1 /NK2  homeobox  1  ( TITF-1/NKX2-1 )  is  preva¬ 
lent  in  lung  adenocarcinoma,  indicating  that  both 
transcriptional  factors  most  likely  function  as  lineage- 
specific  genes  in  lung  cancer.34-36  This  section  will 
highlight  molecular  abnormalities,  with  special 
emphasis  on  genomics  and  DNA  alterations,  of  lung 
adenocarcinoma  that  render  this  malignancy  a 
unique  entity. 


Lung  adenocarcinoma  genomics 

KRAS,  a  low  molecular  weight  guanosine  triphos¬ 
phatase  (GTPase)  and  the  major  upstream  activator  of 
the  RAF-MEK-ERK  pathway,  is  considered  to  be  the 
most  frequently  mutated  oncogene  in  lung  adenocar¬ 
cinomas.19,21,37  As  mentioned  before,  mutations  in  this 
oncogene  are  more  common  in  adenocarcinomas 
arising  in  ever-smoker  (former  and  current)  lung 
cancer  patients.13,16,17,19,20,22,23,30  Most  KRAS  mutations 
involve  replacing  glycine  12  with  other  amino  acids 
such  as  valine  (G12V),  aspartic  acid  (G12D)  and 
glutamic  acid  (G12D),  and  replacing  glycine  13,  and 
are  activating  rendering  the  gene  with  reduced 
GTPase  activity  with  subsequent  potent  activation  of 
mitogenic  and  proliferative  signalling  through  the 
RAF-MEK-ERK  cascade.19,37-39  Thus,  it  is  plausible  to 
assume  that  therapeutic  strategies  targeting  KRAS 
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would  be  very  beneficial  in  adenocarcinomas  with 
activating  mutations  in  this  oncogene.  However,  there 
are  currently  no  available  treatment  options  for 
ERAS- mutant  lung  adenocarcinomas  compared  with 
tumours  with  mutations  in  other  oncogenes,40  as 
strategies  targeting  KRAS  farnesylation,  MEK  activa¬ 
tion  and  BRAF  have  either  failed  or  yielded  no 
responses.41-43 

In  contrast  to  KRAS,  mutations  in  EGFR  are  strongly 
linked  to  lung  adenocarcinomas  arising  in  never- 
smokers  and  are  suggested  to  molecularly  drive  the 
disease  in  this  patient  subpopulation.13,14,17,18,22,23,30,37  It 
is  important  to  note  that  EGFR  mutations  are  more 
common  in  East  Asian  patients  and  in  female  gen¬ 
der.2,13,22  Small  in-frame  deletions  in  exon  19  and  mis- 
sense  mutations  in  exon  21  (L858R  and  L861Q)  are  the 
most  common  mutations  detected  in  EGER44  and 
were  shown  by  several  ground-breaking  studies  to 
underlie  sensitivity  of  lung  adenocarcinoma  patients 
to  EGER-targeting  small  tyrosine-kinase  inhibitors 
(e.g.  erlotinib  and  gefitinib). 18,45,46  These  studies 
were  the  first  to  prove  the  feasibility  of  personalized 
medicine  approaches  for  the  management  of  lung 
adenocarcinoma  and  represent  the  landmark  for 
the  application  of  genomic  medicine  in  this  disease. 

The  discovery  of  fusions  involving  anaplastic  large¬ 
cell  lymphoma  kinase  (. ALK]  with  the  upstream 
partner  echinoderm  microtubule  associated  protein  4 
(. EML4 )  by  Soda  et  al.47  further  opened  new  venues  for 
genomic-driven  personalized  treatment  strategies 
for  lung  adenocarcinoma.48  Both  EML4  and  ALK  are 
located  in  chromosome  2p,  and  fusion  of  both 
involves  small  inversions  within  this  region.47  EML4- 
ALK  fusion  results  in  constitutive  activation  of  the 
ALK  kinase  rendering  cells  and  adenocarcinoma 
tumours  expressing  this  oncogenic  fusion  protein 
sensitive  to  ALK  inhibitors.47-49  Like  EGFR  mutations, 
EML4-ALK fusion  genes  are  prevalent  in  lung  adeno¬ 
carcinomas,  younger  patients  and,  in  particular,  in 
lifetime  never-smoker  patients  or  light  smokers.49,50 
Importantly,  EML4-ALK  fusion  genes  are  mutually 
exclusive  from  EGFR  and  KRAS  mutations,  indicating 
that  such  molecular  defects  function  as  drivers  of 
pathogenesis,  which  is  clinically  important,  as  it 
increases  potential  of  personalized  treatment  options 
that  target  driver  oncogenes  in  this  malignancy.50 

Other  mutually  exclusive  and,  thus,  potential  onco¬ 
genic  drivers  have  been  identified  in  lung  adeno¬ 
carcinomas.  Mutations  in  HER2/NEU  were  found  by 
Stephens  etal.  to  occur  in  lung  adenocarcinomas.31 
Compared  with  mutations  of  EGFR  oncogene,  HER2/ 
NEU  mutations  are  less  frequent30  and  have  not  been 
successfully  exploited  in  the  clinic  for  lung  adenocar¬ 
cinoma  treatment.51  Similar  to  HER2/NEU,  mutations 
in  BRAF  also  occur  at  low  frequency  in  lung  adenocar¬ 
cinoma  and  are  exclusive  from  EGFR  and  KRAS  muta¬ 
tions,  as  well  as  from  EML-ALK  fusions.50  There  are 
yet  no  successful  target-specific  treatment  strategies 
for  lung  adenocarcinoma  with  BRAF  mutations.  It  is 
important  to  note  that  mutations  in  HER2INEU  and 
BRAF  have  not  been  found  in  lung  SCC.50 

The  TP53  tumour  suppressor  is  the  most  frequently 
mutated  gene  in  lung  adenocarcinoma  (65-70%). 
Various  abnormalities  in  TP53  were  identified  in  lung 
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adenocarcinoma  almost  two  decades  ago52,53  and 
more  recently  in  the  tumour- sequencing  project37  and 
occur  in  similar  pathways  to  those  mediated  by  the 
oncogenic  driver  mutations  mentioned  earlier.20,22,37 
Mutations  in  the  CDKN2A  tumour  suppressor  have 
also  been  described  in  lung  adenocarcinoma.54,55 
However,  methylation56  or  focal  DNA  deletion36,55 
rather  than  mutation  of  this  tumour  suppressor 
seems  to  be  more  frequent  and  occurs  earlier  in  lung 
cancer  pathogenesis.5  With  the  advent  of  various 
technologies  including  single  nucleotide  polymor¬ 
phism  (SNP)  arrays,  mass  spectrometry  mutational 
analysis  and  more  recently  second-generation 
sequencing,  and  the  undertaking  of  large-scale 
studies  such  as  the  tumour-sequencing  project,37  our 
knowledge  of  the  mutational  spectrum  of  lung  adeno¬ 
carcinoma  has  substantially  increased.  New  mutated 
oncogenes  and  tumour  suppressor  genes  have  been 
identified  in  lung  adenocarcinoma  and  along  with 
previously  characterized  mutated  genes  are  outlined 
in  Table  1  and  have  been  reviewed  in  detail  else¬ 
where.50,51  It  is  important  to  note  that  many,  if  not 


Table  1  Mutations  in  lung  adenocarcinoma 


— 

Mutation  rate  (%) 

Oncogenes 

KRAS 

15-30 

EGFR 

5-40 

ALK  (fusion) 

5-15 

MET 

14 

KDR 

5 

EPHA3 

5 

MAP2K1 

5 

HER2/ERBB2 

2-4 

FGFR4 

4 

PDGFRA 

4 

NTRK1 

4 

NTRK3 

4 

EPHA5 

4 

ERBB4 

4 

LTK 

3 

PAK3 

3 

ERBB3 

2 

FGFR1 

2 

FGFR2 

2 

NRAS 

2 

PIK3CA 

2 

BRAF 

2 

AKT1 

1 

Tumour-suppressor  genes 

TP53 

50-70 

STK1 

20-30 

LRP1B 

9 

NF1 

7 

ATM 

7 

APC 

6 

PTPRD 

5 

CDKN2A 

5 

RBI 

4 

PTEN 

2 
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most,  of  these  mutations  are  not  mutually  exclusive 
of  other  driver  mutations  and  events  such  as  EGFR 
mutations  and  EML4-ALK  fusions.  For  example, 
PIK3CA  mutations  were  always  found  together  with 
EGFR  mutations  in  never-smoker  lung  adenocarcino¬ 
mas.57  It  is  also  worthwhile  to  mention  that  some  of 
the  outlined  mutations  have  been  detected  in  both 
lung  adenocarcinomas  and  SCC  (e.g.  PIK3CA  and 
MET)  or  only  in  the  former  subtype  of  NSCLC  (e.g. 
MEK1 ,  HER2/NEU  and  BRAF)  .50  It  is  unknown  for  most 
of  mutations  occurring  in  lung  adenocarcinomas  and 
recently  identified  by  exon-directing  sequencing  in 
the  tumour-sequencing  project,  whether  they  also 
occur  in  lung  SCC.  The  discovery  of  new  oncogene 
and  tumour  suppressor  mutations  in  lung  adenocar¬ 
cinoma  occurring  in  mutually  exclusive  and  inclusive 
cell  signalling  pathways  expands  the  range  of  possible 
target-specific  and  even  combinatorial  personalized 
therapeutic  strategies  for  this  disease. 


Copy-number  alterations 

Gene  dosage  variations  occur  in  many  pathological 
conditions.  For  example,  in  cancer,  deletions  and 
copy-number  increases  modulate  the  expression  of 
tumour-suppressor  genes  and  oncogenes,  therefore 
contributing  to  tumourigenesis.  Characterization  of 
these  DNA  copy-number  changes  is  vital  for  both  the 
basic  understanding  of  cancer  and  its  diagnosis. 
Copy-number  alterations  are  routinely  assessed  in 
laboratories  by  fluorescent  in  situ  hybridization 
(FISH)  techniques  as  well  as  genomic  polymerase 
chain  reaction  (PCR),  including  quantitative  PCR 
approaches.  However,  these  approaches  are  labour- 
intensive  and  would  hamper  the  discovery  and  com¬ 
plete  understanding  of  the  genome  of  tumours  in 
large-scale  studies.  High-throughput  and  genome¬ 
wide  analysis  of  DNA  copy-number  alterations  was 
made  possible  by  comparative  genomic  hybridization 
(CGH)  approaches,  which  utilize  differentially 
labelled  test  and  reference  genomic  DNA  that  are 
co-hybridized  to  normal  metaphase  chromosomes.58 
CGH,  however,  exhibits  limited  mapping  resolution 
even  when  compared  with  lower  throughput  higher 
resolution  techniques,  such  as  FISH.59  Subsequently, 
high-resolution  genome-wide  analysis  was  success¬ 
fully  performed  using  cDNA  microarray-based  CGH 
and  SNP  arrays  coupled  with  statistical  methods  to 
assess  both  the  amplitude  and  the  frequency  of  copy- 
number  changes  at  each  position  in  the  genome.59 

Genome-wide  alterations  in  human  lung  adenocar¬ 
cinoma  tumours  stemming  from  several  major 
studies  have  assuredly  increased  our  understanding 
of  the  molecular  pathogenesis  of  this  major  malig¬ 
nancy.36,60,61  Earlier  chromosomal  CGH  studies  have 
revealed  in  NSCLC  recurrent  gains  at  lq31,  3q25-27, 
5pl3-14  and  8q23-24,  and  deletions  at  3p21,  8p22, 
9p21-22,  13q22  and  17p  12-13. 62-66  Moreover,  these 
early  studies  already  highlighted  genomic  differences 
and  similarities  between  lung  adenocarcinomas  and 
SCC;  most  prominent  of  which  were  gains  in  3q 
mainly  by  lung  SCC.62-66  For  example,  Petersen  etal. 
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found  genomic  aberrations  that  characterize  lung 
adenocarcinomas  from  SCC,  namely  gain  of  lq23, 
and  the  deletion  at  9q22  were  significantly  associated 
with  adenocarcinomas,  whereas  the  loss  of  chromo¬ 
somal  band  2q36-37  and  gain  of  3q  were  strongly 
associated  with  SCC.66  Bjorkqvist  et  al.  demonstrated 
that  94%  (15/16)  of  lung  SCC  analysed  had  a  gain  in 
3q,  whereas  only  24%  (4/17)  of  the  adenocarcinoma 
samples  exhibited  a  gain  in  3q,  and  high-level  ampli¬ 
fications  in  3q  were  only  detected  in  SCC.63  In  addi¬ 
tion,  Luk  etal.  demonstrated  that  gains  at  lq22-32.2, 
15q,  20q  and  losses  at  6q,  13q  and  18q  were  more 
prevalent  in  lung  adenocarcinomas,  whereas  SCC, 
as  shown  in  earlier  studies,  exhibited  gains /amplifi¬ 
cations  at  3q.64  Moreover,  Pei  etal.  showed  that 
besides  prevalent  gain  of  3q  in  lung  SCC,  gain  of 
20pl3  and  loss  of  4q  also  were  significantly  higher  in 
SCC,  whereas  gain  of  6p  was  more  common  in  adeno¬ 
carcinomas.65  Massion  et  al.  utilized  higher  resolution 
analysis  by  array  CGH  to  study  copy-number  alter¬ 
ations  of  known  loci  and  found  that  the  most  distinct 
genomic  aberration  between  both  NSCLC  subtypes 
was  gain  of  3q22-26  and  loss  of  3p  by  lung  SCC.67 
Moreover,  and  in  the  same  study,  PIK3CA  oncogene 
was  found  to  be  a  member  of  the  chromosome-3q 
amplicon  with  higher  copy  number  and  expression  in 
SCC  but  not  in  adenocarcinomas.67 

More  recent  studies  utilized  more  advanced  tech¬ 
nologies  to  query  the  genome  of  lung  adenocarci¬ 
noma  and  associate  specific  gene  modulations  with 
chromosomal  and  loci  gain  or  losses.  In  the  study 
by  Tonon  etal.,  high-resolution  cDNA  microarray- 
based  CGH  was  utilized  to  study  the  genomic 
profiles  of  18  lung  adenocarcinomas  and  26  SCC,  as 
well  as  14  NSCLC  cell  lines.61  The  study  identified 
93  focal  copy-number  alterations  that  mainly 
comprised  previously  uncharacterized  recurrent 
high-amplitude  amplifications  and  homozygous 
deletions.61  Besides  confirming  previous  findings  by 
chromosomal  CGH  and  highlighting  known  gains 
(e.g.  Iq31  and  3q25-27)  and  known  deletions  (e.g. 
3p,  8p22  and  13q22),  the  study  by  Tonon  etal.  was 
able  to  map  specific  genes  to  focal  copy-number 
alterations  including  CDKN2A  and  RBI  tumour- 
suppressor  genes  and  EGFR,  and  KRAS  oncogenes.61 
However,  when  comparing  both  adenocarcinomas 
and  lung  SCC,  the  study  found  that  the  only  notable 
genomic  difference  between  both  NSCLC  histologi¬ 
cal  subtypes  was  the  well-characterized  gain  of 
3q26-29  in  SCC  that  included  TP63,  well  known  for 
its  role  in  squamous  differentiation,  and  concluded 
that  similar  oncogene  and  tumour-suppressor  gene 
aberrations  drive  lung  adenocarcinoma  and  SCC 
pathogenesis.61  The  study  by  Tonon  etal.  was  a 
major  step  in  understanding  the  genomic  profiles  of 
NSCLC  tumours  despite  the  small  number  of  lung 
adenocarcinomas  and  SCC  analysed. 

Later  on,  Weir  et  al.  studied  the  genomic  profiles  of 
a  large  collection  of  primary  lung  adenocarcinomas 
[n  =  371)  by  high-density  SNP  arrays  using  238  000 
probe  sets.36  The  report  by  Weir  et  al.  was  a  milestone 
in  understanding  the  lung  adenocarcinoma  genome, 
as  it  unravelled  previously  uncharacterized  amplified 
genes  and  loci  that  otherwise  may  have  not  been 
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identified  using  a  small  number  of  primary  tumours. 
The  study  identified  39  large-scale  chromosomal  arm 
gain  or  loss,  26  of  which  were  significantly  recurrent 
across  many  lung  adenocarcinomas.  Importantly,  the 
large-scale  study  by  Weir  etal.  identified  31  recurrent 
focal  events  that  included  24  amplifications  and 
7  homozygous  deletions.  Using  dense  SNP  arrays 
coupled  with  statistical  methods  (genomic  identifica¬ 
tion  of  significant  targets  in  cancer),  the  group  was 
able  to  associate  specific  genes  to  the  focal  events  and 
rank  significance  of  events  based  on  both  the  ampli¬ 
tude  and  frequency  of  copy-number  change,36  similar 
to  what  was  performed  by  Tonon  et  al.61  to  identify 
minimal  common  regions  of  copy-number  alter¬ 
ations.  The  most  significant  focal  regions  of  amplifi¬ 
cation  included  known  oncogenes  such  as  MDM2 
(12ql5),  MYC  (8q24),  EGFR  (7pll),  CDK4  (12ql4), 
KRAS  (12pl2),  CCNE1  (19ql2),  ERBB2  (17ql2), 
CCND1  (llql3)  and  TERT  (5pl5).36  ft  is  important 
to  note  that  three  of  these  oncogenes,  EGFR,  KRAS 
and  ERBB2,  are  mutated  in  lung  adenocarcinoma, 
as  discussed  before,  suggesting  that  amplification 
and  mutation  of  these  oncogenes  may  cooperate  sys¬ 
tematically  in  lung  adenocarcinoma  pathogenesis. 
The  most  significant  focal  regions  of  deletions  also 
included  known  tumour-suppressor  genes  such  as 
CDKN2A  (9p21)  and  PTEN  (10q23).36  Although  5p  was 
previously  shown  to  be  gained  in  lung  adenocarcino¬ 
mas,  the  identity  of  genes  involved  in  this  gain  was 
unknown  prior  to  the  study  by  Weir  et  al.  The  appli¬ 
cation  of  more  advanced  technologies  to  characterize 
the  genomic  profile  of  lung  adenocarcinomas 
enabled  the  group  to  highlight  previously  unknown 
associations  between  canonical  cancer-associated 
genes  and  known  loci  copy-number  alterations,  as 
well  as  to  identify  potentially  new  oncogenes.  For 
example,  10  genes,  including  TERT,  were  found  in  the 
study  to  be  included  in  the  5pl5  region.36  Further¬ 
more,  the  study  highlighted  previously  uncharacter¬ 
ized  amplification  of  TITF-1/NKX2-1  (14ql3.3)  in  lung 
adenocarcinomas  and  demonstrated  the  oncogenic 
role  of  this  lineage-specific  transcriptional  factor 
in  lung  cancer  cells  evidenced  by  the  effect  of  RNA 
interference-mediated  knockdown  of  its  expression 
on  anchorage-independent  growth  of  lung  adenocar¬ 
cinoma  cell  lines  with  amplification  of  this  gene.36  The 
amplification/copy-number  gain  of  TITF-1  in  lung 
adenocarcinoma  was  later  confirmed  in  different 
studies  including  that  by  Kwei  etal.  using  array 
CGH.34  ffowever,  it  is  important  to  mention  that 
although  TITF-1  amplification  is  generally  pre¬ 
valent  in  lung  adenocarcinoma  and  is  thought 
to  function  as  a  lineage-specific  oncogene  in  this 
subtype  of  NSCLC,  it  has  also  shown  by  FISH  analysis 
in  lung  SCC,  which  will  be  discussed  later  in  this 
review. 

As  mentioned  before,  numerous  earlier  studies 
have  demonstrated  that  gain  of  3q  is  a  genomic 
feature  of  lung  SCC.  Similar  to  the  aforementioned 
study  by  Weir  etal.,  Bass  and  colleagues  utilized 
high-density  Affymetrix  SNP  arrays  to  analyse  40 
oesophageal  and  47  lung  SCC,  which  confirmed  that 
gain  of  3q26  was  the  main  focal  amplification  event 
in  lung  and  oesophageal  SCC.32  Importantly,  the 
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same  study  revealed  the  presence  of  the  ESC  factor 
in  this  region,  which  was  later  on  confirmed  to  be 
amplified  in  SCC  and  not  in  lung  adenocarcinomas, 
and  promoted  the  survival  of  cell  lines  of  the  former 
NSCLC  subtype  harbouring  amplification  of  this 
transcriptional  factor  and  further  suggesting  that 
lung  adenocarcinomas  are  genetically  different  from 
SCC. 

More  recently,  high-resolution  array  CGH  was  per¬ 
formed  on  never-smoker  lung  adenocarcinomas 
( n  =  60)  with  known  mutation  status  of  EGFR.m  This 
study  identified  14  new  minimal  common  regions  of 
gain  or  loss  and  confirmed  previously  known  copy- 
number  alterations  such  as  those  involving  TERT 
(5p),  TITF-1  (14ql3),  EGFR  (7p)  and  CDKN2B  (9p). 
Notably,  the  study  revealed  new  genomic  aberra¬ 
tions,  namely  the  16pll.2  region  harbouring  the  FUS 
oncogene  that  functions  in  transcriptional  splicing 
and  DNA  repair.68  Gain  of  16pll.2  was  evident  in 
greater  than  20%  of  the  never-smoker  lung  adeno¬ 
carcinomas  analysed  and  mRNA  levels  of  FUS  corre¬ 
lated  with  copy  gain  of  16p,  as  they  were  higher  in 
tumours  with  gain  of  this  region  compared  with 
tumours  that  did  not  exhibit  16p  copy  gain.  Impor¬ 
tantly,  the  study  by  Job  et  al.  revealed  genomic  copy- 
number  alterations  that  were  highly  associated  with 
presence  of  EGFR  mutation,  an  oncogenic  driver  of 
never-smoker  lung  adenocarcinoma  pathogenesis.68 
Gains  of  7p  were  significantly  associated  with 
presence  of  EGFR  mutations  and  included  EGFR 
gene,  suggesting,  as  mentioned  before,  that  copy- 
number  alternations  and  mutations  cooperate  at 
the  genomic  level  in  lung  adenocarcinoma  patho¬ 
genesis.  However,  it  cannot  be  ignored  that  EGFR 
copy  gain  or  amplification  may  favour  the  detection 
of  EGFR  mutations  in  a  heterogeneous  tumour  due 
to  the  mutant  allele-specific  imbalance  phenom¬ 
enon.69  In  a  more  recent  study  by  Yuan  et  al.  and  also 
using  array  CGH  technology,  gains  in  7p,  including 
the  EGFR  gene,  were  common  in  EGFR  mutant 
lung  adenocarcinomas  and  predicted  overall  and 
recurrence-free  survival  in  this  disease  population.70 
More  importantly,  in  contrast  to  EGFR  mutations, 
presence  of  genes  (including  EGFR)  within  the  7p 
gain  predicted  poorer  response  to  tyrosine  kinase 
inhibitors  targeting  EGFR.70 


Gene  expression  profiling 

Numerous  studies  have  utilized  microarray  technol¬ 
ogy  to  analyse  the  global  transcriptome  of  NSCLC  for 
diagnosis  (discussed  later),  molecular  classification, 
response  to  therapy  and  prognosis.  For  the  purpose 
of  this  review,  we  will  discuss  several  key  studies  that 
investigated  expression  profiles  of  lung  adenocarci¬ 
nomas  to  further  understand  the  molecular  biology 
of  this  prevalent  lung  malignancy.  Bhattacharjee 
and  colleagues  utilized  arrays  to  study  adenocarcino¬ 
mas  of  lung  origin  ( n  =  127),  SCC  ( n  =  21),  carcinoids 
[n  =  20),  SCLC  (n=  6)  and  17  normal  samples.71  The 
study  found  that  differential  expression  profiles  seg¬ 
regated  the  samples  into  different  clusters  based  on 
histology,  evidenced  by  the  two-dimensional  cluster 
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analysis.  Genes  associated  with  squamous  differen¬ 
tiation  such  as  keratin  and  TP63  were  overexpressed 
in  SCC,  and  neuroendocrine  markers  were  enriched 
in  the  SCLC  cluster.  Importantly,  the  study  by  Bhat- 
tacharjee  etal.  also  analysed  the  adenocarcinomas 
alone  by  hierarchical  clustering  and  demonstrated 
that  the  adenocarcinomas  were  heterogeneous  in 
molecular  make-up,  being  separated  into  various 
clusters  with  distinct  clinical  outcomes.71  Similarly, 
Garber  etal.  utilized  cDNA  microarrays  to  study 
expression  profiles  of  41  adenocarcinomas,  16  SCC,  5 
large-cell  carcinomas  and  5  SCLC,  as  well  as  5  normal 
lung  samples.72  Again,  lung  adenocarcinomas  were 
most  heterogeneous  and  were  divided  into  different 
clusters  that  were  associated  with  clinicopathological 
variables  such  as  tumour  grade.72  Later,  Hayes  etal. 
found  that  adenocarcinoma  subtypes  identified  by 
the  Bhattacharjee  and  Garber  studies  were  reproduc¬ 
ible  in  additional  microarray  datasets.73  Several  other 
studies  have  also  demonstrated,  using  microarray 
expression  profiling  technology,  the  heterogeneity  of 
lung  adenocarcinomas  and  their  distinction  from 
other  lung  cancer  subtypes.  As  reviewed  by  Yatabe, 
global  gene  expression  profiling  was  able  to  subdi¬ 
vide  lung  adenocarcinomas  into  various  clusters  that 
correlated  with  EGFR  mutation  status,  prognosis, 
expression  of  lung  peripheral  airway  markers  such  as 
surfactant  proteins  (SP)  and  CC1 0,  as  well  as  enrich¬ 
ment  of  the  BAC  subtype.44 


Lung  adenocarcinoma  preneoplasia 

From  biological  and  histopathological  perspectives, 
NSCLC  is  a  complex  malignancy  that  develops 
through  multiple  preneoplastic  pathways.  Lung 
adenocarcinoma,  a  major  subtype  of  NSCLC,  has 
been  increasing  in  incidence  globally  in  both 
smokers  and  non-smokers13  with  a  concurrent 
decrease  in  SCC  frequency.  It  has  been  postulated 
that  the  increasing  incidence  of  lung  adenocarcino¬ 
mas  compared  with  SCC  is  in  part  due  to  the  change 
in  the  type  of  cigarettes  used  (lower  nicotine  and  tar) 
and  smoking  habits  and  behaviour.11  Anatomical  dif¬ 
ferences  in  the  location  of  diagnosed  lung  adenocar¬ 
cinomas  and  SCC  strongly  suggest  that  both  NSCLC 
subtypes  develop  through  different  histopathological 
and  molecular  pathways  and  have  different  cells  of 
origin;  however,  the  specific  respiratory  epithelial 
cell  type  from  which  each  lung  cancer  type  develops 
has  not  been  established  with  certainty.5  Lung  SCC 
is  typically  centrally  located  in  the  lung  and  is 
thought  to  arise  from  the  major  bronchi.  In  contrast, 
lung  adenocarcinomas  that  are  usually  peripherally 
located  are  believed  to  arise  from  small  bronchi, 
bronchioles  or  alveoli  of  the  distant  airways  of  the 
lung.  The  sequence  of  histopathological  changes  in 
bronchial  epithelia  that  precede  the  development  of 
lung  SCC  has  been  characterized.6,27  However,  the 
sequential  preneoplastic  changes,  as  well  as  the  cor¬ 
responding  molecular  abnormalities,  leading  to  the 
development  of  lung  adenocarcinomas  are  poorly 
documented. 
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Histopathological  development  of 
lung  adenocarcinoma 

Clara  cells  and  the  type  II  pneumocytes  are  believed 
to  be  the  progenitor  cells  of  the  peripheral  airways, 
and  peripherally  arising  adenocarcinomas  often 
express  markers  of  these  cell  types.44,74  Atypical 
adenomatous  hyperplasias  (AAH)  are  considered  to 
be  a  precursor  lesion  for  peripheral  lung  adenocarci¬ 
nomas.5,7  However,  and  until  now,  AAH  is  the  only 
sequence  of  morphological  change  identified  so  far 
for  the  development  of  invasive  lung  adenocarcino¬ 
mas,  and  there  is  consensus  that  the  pathogenesis  of 
many  adenocarcinomas  is  largely  unknown.  The  pos¬ 
tulated  progression  of  AAH  to  adenocarcinomas  in 
situ,  which  is  characterized  by  the  growth  of  neoplas¬ 
tic  cells  along  pre-existing  alveolar  structures  without 
invasion,  is  supported  by  molecular  studies.75  Distinc¬ 
tion  between  highly  atypical  AAH  and  what  was 
known  as  BAC  is  sometimes  difficult.  Therefore,  and 
as  mentioned  before,  the  ERS,  IASLC  and  ATS  spon¬ 
sored  a  new  classification  of  lung  adenocarcinoma 
that  presented  several  modifications  to  the  WHO  2004 
criteria  for  diagnosis  of  resected  adenocarcinoma 
specimens.  The  term  BAC  was  suggested  to  be  discon¬ 
tinued  and  replaced  with  AIS  and  MIA  used  for  small 
adenocarcinomas  with  either  pure  lepidic  growth  or 
predominant  lepidic  growth  with  less  than  5  mm 
invasion,  respectively.  Importantly,  the  clinical  fea¬ 
tures  of  both  adenocarcinoma  progression  types  are 
unique  as  patients  with  AIS  or  MIAhave  a  100%  5-year 
survival  rate  after  respective  surgery.26 

The  differentiation  phenotype  derived  from  immu- 
nohistochemical  and  ultrastructural  features  indi¬ 
cates  that  AAH  originate  from  the  progenitor  cells  of 
the  peripheral  airways.26,44,74  Surfactant  apoprotein 
and  Clara  cell-specific  10-kDd  protein  are  expressed 
in  almost  all  AAH.  In  addition,  an  increasing  body  of 
evidence  suggests  that  AAH  is  the  precursor  of  at  least 
a  subset  of  adenocarcinomas.  For  example,  AAH  is 
most  frequently  detected  in  lungs  of  patients  bearing 
lung  cancers  (9-20%),  especially  adenocarcinomas 
(as  many  as  40%),  compared  with  lung  SCC  (1 1%).76  It 
is  important  to  note  that  AAH  is  detected  more  fre¬ 
quently  in  East  Asian  patients  relative  to  Western 
patients.  In  such  studies,  it  has  been  suggested  that 
AAH  is  involved  in  the  linear  progression  of  cells  of  the 
‘terminal  respiratory  unit’  (TRU)  to  AIS  and  subse¬ 
quently  invasive  adenocarcinomas7,44,74  due  to  the 
expression  of  common  genes  between  the  TRU  and 
the  AAH,  which  is  discussed  later.  Such  studies  have 
postulated  that  most,  if  not  all,  peripheral  lung 
adenocarcinomas  progress  from  alveoli  through  AAH 
as  a  preneoplastic  lesion.  As  will  be  discussed  further 
later,  we  have  noted  similar  molecular  abnormalities 
(e.g.  EGFR  mutations)  between  adenocarcinomas 
arising  in  never-smokers  and  small  bronchioles 
within  the  localized  and  adjacent  fields  of  the  adeno¬ 
carcinomas,  suggesting  that  lung  adenocarcinomas 
may  arise  from  bronchiolar  epithelium  and  small 
bronchi,  and  not  only  from  alveoli.77,78  In  a  recent 
review  by  Yatabe  etal.,  a  nonlinear  progression 
schema  for  lung  adenocarcinomas  was  suggested.7  In 
this  nonlinear  schema,  Yatabe  et  al.  postulated  that 
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lung  adenocarcinomas  of  the  TRU  subtype,  as  named 
by  the  authors,  develop  through  AAH.  On  the  other 
hand,  and  according  to  the  same  nonlinear  progres¬ 
sion  hypothesis,  some  lung  adenocarcinomas  arise 
through  unknown  preneoplastic  precursors  from 
other  cells  besides  the  TRU,  which  we  believe  may  as 
well  be  the  bronchiolar  epithelium.77,78 

Molecular  pathogenesis  of  lung 
adenocarcinomas 

Several  molecular  changes  frequently  present  in  lung 
adenocarcinomas  are  also  present  in  AAH  lesions, 
and  they  are  further  evidence  that  AAH  may  represent 
true  preneoplastic  lesions.79  The  most  important 
finding  is  the  presence  of  KRAS  (codon  12)  mutations 
in  as  many  as  39%  of  AAH,  which  are  also  a  relatively 
frequent  alteration  in  lung  adenocarcinomas.6,80 
Other  molecular  aberrations  that  were  identified  in 
AAH  are  overexpression  of  cyclin  D1  (-70%),  survivin 
(48%)  and  HER2/neu  (7%)  proteins.5  Moreover,  and  as 
mentioned  in  the  review  by  Wistuba  and  Gazdar, 
some  AAH  lesions  were  found  to  exhibit  loss  of 
heterozygosity  (LOH)  in  chromosomes  3p  (18%),  9p 
{pl&NK4a,  13%),  9q  (53%),  17q  and  17p  ( TP53 ,  6%).5  It  is 
noteworthy  that  most  if  not  all  of  the  aforementioned 
changes  identified  in  AAH  lesions  are  also  frequently 
detected  in  lung  adenocarcinomas.  Later,  AAH  lesions 
were  shown  to  exhibit  LOH  of  tuberous  sclerosis 
complex  (TSC) -associated  regions,  activation  of 
telomerase,  loss  of  LKB1,  overexpression  of  DICER,  a 
key  effector  protein  for  small  interfering  RNA  and 
miRNA  function,  and  DNA  methylation  of  CDKN2A 
and  PTPRN2.681 82  It  is  important  to  note  that  several 
studies  have  attempted  to  globally  comprehend  dif¬ 
ferential  gene  expression  patterns  and  copy-number 
alterations  between  low-grade  lesions  (e.g.  precursor 
lesions)  or  in  situ  adenocarcinomas  and  invasive 
tumours  and  found  that  amplification  of  the  EGFR 
oncogene  was  the  predominant  differential  molecular 
feature  between  the  two  different  adenocarcinoma 
grade  classes  and  occurred  after  mutations  in  the 
gene.7  Importantly,  as  will  be  discussed  in  the  next 
section  of  this  review,  EGFR  mutations  also  preceded 
changes  in  copy  number  of  the  gene  when  studying 
histologically  normal  bronchiolar  epithelia.78 

KRAS  and  EGFR  mutations  in  lung 
adenocarcinoma  pathogenesis 

Although  there  is  only  one  sequence  of  morphological 
change  characterized  so  far  for  the  development  of 
invasive  lung  adenocarcinomas,  namely  AAH,  a  large 
body  of  evidence  suggests  that  at  least  two  molecular 
pathways  are  involved,  the  KRAS  and  EGFR  pathways 
in  smoker  and  never-smoker  adenocarcinoma 
subpopulations,  respectively. 2,14,16,17,20_23,30  Mutations  in 
EGFR,  in  particular,  in-frame  deletions  of  exon  19  and 
L858R  and  L861Q  of  exon  21,  are  strongly  associated 
with  never-smoking  status,  female  gender  and  East 
Asian  ethnicity,  as  well  as  predict  favourable  response 
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to  EGFR  tyrosine  kinase  inhibitor.2,12,13,17,22,23  On  the 
other  hand,  mutations  in  KRAS,  the  most  frequently 
mutated  oncogene  in  lung  adenocarcinoma,  based 
on  recent  findings  of  the  tumour-sequencing  project, 
are  strongly  associated  with  development  of  adeno¬ 
carcinomas  linked  to  tobacco  consumption.2,16,17,20,21,23 

It  has  been  suggested  that  the  vast  majority  of  AAH 
precursor  lesions  and  adenocarcinomas  in  situ  are 
associated  with  the  TRU  adenocarcinoma  subtype 
that  were  found  to  express  high  levels  of  TITF-1  and 
SP,  leading  to  the  conclusion  that  such  adenocarcino¬ 
mas  are  of  the  same  lineage  as  terminal  airway  epi¬ 
thelial  cells.  In  addition,  it  has  been  postulated  that 
EGFR  mutations  are  predominant  in  or  specific  to 
peripheral  lung  adenocarcinomas  of  the  TRU 
subtype,  which  were  suggested  to  arise  from  AAH 
lesions,44,74,83  as  90  of  97  EGFR  mutant  adenocarcino¬ 
mas  were  positive  for  TITF-1,  and  91  of  the  97 
tumours  were  of  the  TRU  subtype.83  In  addition,  the 
hypothesis  put  forward  that  EGFR  mutations  are 
associated  with  or  specific  to  the  TRU  subtype  of  lung 
adenocarcinomas  is  also  in  part  due  to  the  observa¬ 
tion  that  the  frequency  of  EGFR  and  KRAS  mutations 
among  AAH  lesions,  adenocarcinomas  in  situ  and 
invasive  adenocarcinomas  is  significantly  different.7,44 
It  was  determined  that  whereas  KRAS  mutations 
decreased  along  adenocarcinoma  progression,  from 
33%  in  AAH  to  8%  in  adenocarcinomas,  EGFR  muta¬ 
tions  were  evenly  distributed  suggesting  that 
KRAS- mutated  AAH  lesions  rarely  progress  to  adeno¬ 
carcinomas.  It  is  also  important  to  mention,  and  as 
reviewed  by  Yatabe,  that  several  studies  performed 
gene  expression  profiling  of  lung  adenocarcinomas 
and  other  histological  subtypes  of  lung  cancer  and 
found  that  lung  adenocarcinomas  were  heteroge¬ 
neous  and  divided  into  different  clusters.44  Clusters 
with  expression  of  CC1 0  and  features  of  alveolar  sig¬ 
nature  such  as  TITF-1  exhibited  significantly  better 
survival  compared  with  adenocarcinomas  in  other 
clusters  and  comprised  a  higher  frequency  of  EGFR 
mutations. 

Mutations  in  the  tyrosine-kinase  domain  of  EGFR 
mutations  were  shown  to  be  involved  in  the  early 
pathogenesis  of  lung  cancer,  being  identified  in  histo¬ 
logically  normal  epithelium  of  small  bronchi  and 
bronchioles  adjacent  to  EGFR  mutant  adenocarcino¬ 
mas77  (discussed  further  in  the  next  section  of  the 
review).  EGFR  mutations  were  detected  in  normal¬ 
appearing  peripheral  respiratory  epithelium  in  43% 
adenocarcinoma  patients,77  but  not  in  patients 
without  mutation  in  the  tumour.77  These  findings  may 
signify  different  cell  types  comprising  the  examined 
epithelia,  which  could  represent  sites  of  the  cells  of 
origin  for  EGFR  mutant  adenocarcinomas  of  the  lung. 
Although  the  cell  type  having  those  mutations  is 
unknown,  our  group  has  hypothesized  that  stem  or 
progenitor  cells  of  the  bronchial  and  bronchiolar  epi¬ 
thelium  bear  such  mutations.  It  is  also  noteworthy  that 
EGFR  mutations  were  identified  in  only  3  of  40  AAH 
lesions  examined33,84  and  were  shown  to  be  absent22  or 
relatively  infrequent  in  what  was  previously  known  as 
BAC  of  the  lung.84  These  earlier  observations  support 
the  argument  that  abnormalities  of  EGFR  are  not  only 
relevant  to  the  pathogenesis  of  alveolar-type  lung 
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neoplasia  but  also  may  play  drive  peripheral  lung 
adenocarcinoma  from  bronchiolar  epithelium  cells 
that  are  distinct  from  terminal  respiratory  and  alveolar 
cells.5,44  The  different  findings  of  EGFR  mutation 
rates  in  AAH  lesions  may  as  well  reflect  the  ethnicity 
(Asian  vs  Western)  of  the  patients  from  which  the 
lesions  were  isolated,  as  well  as  the  standard  practice 
of  detection  of  small  lesions  such  as  AAH. 


Field  cancerization 

Although  the  majority  of  lung  cancer  patients  are 
current  or  former  smokers  (approximately  85%),  a 
relatively  small  fraction  of  smokers  (approximately 
15%)  develop  primary  lung  tumours.  Patients  with 
early  stage  NSCLC,  relative  to  other  early  stage  malig¬ 
nancies,  frequently  exhibit  recurrence  or  second 
primary  tumour  development  after  definitive  treat¬ 
ment  by  surgery  and  removal  of  the  original  lung 
primary  tumour.  There  is  a  large  body  of  evidence  that 
heavy  smokers  and  patients  who  have  survived  an 
upper  aerodigestive  cancer  comprise  a  high-risk 
population  that  may  be  targeted  for  early  detection 
and  chemoprevention  efforts.6  Although  the  risk  of 
developing  lung  cancer  decreases  after  smoking 
cessation,  the  risk  never  returns  to  baseline.  Preneo¬ 
plastic  changes,  namely  dysplastic  histological  abnor¬ 
malities,  have  been  utilized  as  surrogate  endpoints  for 
chemopreventive  studies.  However,  it  was  suggested 
that  this  ‘shooting-in-the-dark’  approach  may  explain 
the  reasons  behind  the  general  failures  of  clinical 
chemoprevention  studies.3  It  is  also  important  to  note 
that  we  are  unable  to  predict  which  lifetime  never- 
smokers  or  definitively  treated  never-smoker  early- 
stage  lung  cancer  patients  will  develop  lung  tumours 
or  relapse.  Therefore,  novel  approaches  to  identify  the 
best  population  to  be  targeted  for  early  detection  and 
chemoprevention  should  be  devised,  and  risk  factors 
for  lung  cancer  development  or  relapse  need  to  be 
better  defined.  For  these  important  purposes,  a  better 
understanding  of  the  biology  and  molecular  origins  of 
lung  cancer,  for  example,  lung  adenocarcinoma,  is 
warranted.  In  this  section  of  the  review,  we  will 
describe  the  field  cancerization  phenomenon  that 
herein  refers  to  that  occurring  due  to  direct  and  indi¬ 
rect  effects  of  smoking  (field  of  injury)  or  independent 
of  smoking  in  patients  with  and  without  cancer,  with 
emphasis  on  aberrant  molecular  markers  in  histologi¬ 
cal  normal  epithelia  that  can  be  used  to  increase  our 
understanding  of  lung  cancer  pathogenesis. 

Smoking  damaged  epithelium  and  the  lung 
field  cancerization  phenomenon 

Earlier  work  by  Danely  Slaughter  etal.  in  patients 
with  oral  cancer  and  oral  premalignant  lesions  has 
suggested  that  histologically  normal-appearing  tissue 
adjacent  to  neoplastic  and  preneoplastic  lesions 
display  molecular  abnormalities,  some  of  which  are 
in  common  with  those  in  the  tumours.85  In  1961,  a 
seminal  report  by  Auerbach  et  al.  suggested  that  ciga- 
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rette  smoke  induces  extensive  histological  changes  in 
the  bronchial  epithelia  in  the  lungs  of  smokers  and 
that  premalignant  lesions  are  widespread  and  multi¬ 
focal  throughout  the  respiratory  epithelium,  sugges¬ 
tive  of  a  field  effect.86  This  phenomenon,  coined 
‘field  of  cancerization’,  was  later  shown  to  be  evident 
in  various  epithelial  cell  malignancies  including 
lung  cancer.  Some  degree  of  inflammation  and 
inflammatory-related  damage  is  almost  invariably 
present  in  the  central  and  peripheral  airways  of 
smokers  and  may  precede  the  development  of  lung 
cancer.87  Thus,  the  field  of  cancerization  may  be 
explained  by  both  direct  effect  of  tobacco  carcinogens 
and  initiation  of  inflammatory  response.  In  this 
context,  different  theories  for  the  origin  of  the  field  of 
cancerization  or  smoking-related  field  of  injury  have 
been  put  forward  and  will  not  be  discussed  here,  as 
they  have  been  nicely  and  extensively  reviewed  else¬ 
where  by  Steiling  et  a/.88 

Several  studies  focusing  on  the  respiratory  epithe¬ 
lium  of  lung  cancer  patients  and  smokers  have  dem¬ 
onstrated  that  multiple  altered  foci  of  bronchial 
epithelium  are  present  throughout  the  airway.27,28,89  A 
detailed  analysis  of  histologically  normal  epithelium, 
and  premalignant  and  malignant  epithelia  from  lung 
SCC  patients  indicated  that  multiple,  sequentially 
occurring  allele-specific  chromosomal  deletions  of 
LOH  begin  in  dispersed  clonally  independent  foci 
very  early  in  the  multi-stage  pathogenesis  of  this 
smoking-related  lung  malignancy.27,28  Notably,  31%  of 
histologically  normal  epithelium  and  42%  of  mildly 
abnormal  (hyperplasia/metaplasia)  specimens  had 
clones  of  cells  with  allelic  loss  at  one  or  more  regions 
examined.  Moreover,  these  molecular  aberrations 
were  also  found  in  carcinomas  in  situ  and  SCC,  and  at 
a  more  advanced  level.27  Molecular  changes  involving 
LOH  of  chromosomal  regions  3p  ( DDUT  and  FHIT 
genes),  9p  ( CDKN2A ),  genomic  instability  (increased 
microsatellite  repeats)  and  pl6  methylation  have  all 
shown  to  commence  in  histologically  normal  or 
slightly  abnormal  tissue  in  SCC  patients  and  in  the 
sequence  of  pathogenesis  of  the  disease.5  As  men¬ 
tioned  before,  KRAS  is  the  most  mutated  oncogene  in 
lung  adenocarcinomas.37  Almost  15  years  ago,  Nelson 
et  al.  demonstrated  that  KRAS  mutations  are  found  in 
histologically  normal  lung  tissue  adjacent  to  lung 
tumours.90  As  will  be  discussed  later,  mutations  in 
EGFR  were  also  found  in  adjacent  to  tumour  histo¬ 
logically  normal  epithelium.77,78  Similar  epigenetic 
and  gene  methylation  patterns  between  tumours 
and  adjacent  histologically  normal  epithelia  were 
described.  An  important  study  by  Belinsky  etal. 
reported  aberrant  promoter  methylation  of  pl6, 
which  was  described  to  be  commonly  methylated  in 
lung  tumours,91  in  at  least  one  bronchial  epithelial  site 
from  44%  of  lung  cancer  patients  examined.92  More¬ 
over,  pl6  and  death-associated  protein  kinase  (DAPK) 
promoter  methylation  was  observed  frequently  in 
bronchial  epithelium  from  current  and  former 
smoker  but  not  from  never-smoker  lung  cancer 
patients  and  persisted  after  smoking  cessation. 
Notably,  94%  of  lung  tumours  exhibited  a  concordant 
pattern  of  pl6  methylation  with  that  in  at  least  one 
bronchial  epithelial  site.92 
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The  aforementioned  molecular  abnormalities  were 
detected  in  histologically  normal  epithelia  adjacent  to 
archival  surgically  resected  tumours  from  primary 
lung  cancer  patients.  LOH  and  microsatellite  alter¬ 
ations  in  multiple  foci  were  also  detected  in  distal 
histological  normal  bronchial  epithelia  of  smokers 
without  cancer.93,94  Moreover,  and  importantly,  these 
molecular  abnormalities  were  detected  in  bronchial 
epithelia  of  cancer-free  former  smokers  that 
appeared  to  have  persisted  for  many  years  after 
smoking  cessation.  In  addition,  LOH  was  detected  in 
DNA  obtained  from  bronchial  brushings  of  normal 
and  abnormal  lungs  from  patients  undergoing  diag¬ 
nostic  bronchoscopy  and  was  detected  in  cells  from 
the  ipsilateral  and  contralateral  lung.95  Mutations  in 
TP53  were  also  described  to  occur  in  bronchial  epi¬ 
thelia  of  cancer-free  smokers  in  a  widely  dispersed 
manner.96  Similar  evidence  also  exists  for  promoter 
methylation  and  epigenetic  changes  in  smoking- 
damaged  lung  epithelium  of  cancer-free  patients. 
Methylation  of  various  genes,  including  retinoic  acid 
receptor  2  beta  ( RAR-b2 ),  H-cadherin,  APC,  pl6  and 
RASSFF1A  was  described  in  bronchial  epithelial  cells 
of  heavy  smokers.97  Moreover,  methylation  of  pi  6, 
GSTP1  and  DAPK  was  reported  to  be  evident  in  bron¬ 
chial  brushings  of  one  third  of  the  cancer-free 
smokers  examined.98  In  the  same  study  by  Belinsky 
etal.,  as  mentioned  before,  methylation  of  pl6  was 
detected  in  epithelia  of  cancer- free  smokers.92  A  more 
detailed  list  of  aberrant  gene  promoter  methylation  in 
lung  cancer  patients  and  cancer-free  smokers  is 
nicely  summarized  and  explained  in  the  review  by 
Heller  et  al ." 

Gene  expression  profiling  of  the  lung 
field  cancerization 

High-throughput  microarray  profiling  was  used  by 
several  groups  to  study  the  transcriptome  of  lung 
airways.  Hackett  etal.  utilized  microarrays  to  study 
the  expression  of  44  anti-oxidant-related  genes 
using  bronchial  brushings  from  cancer-free  current 
smokers  and  never- smokers,  and  found  significant 
upregulation  of  16  of  the  antioxidant  genes  in  the 
airways  of  smokers  compared  with  non-smokers.100 
Later,  Spira  et  al.  described  global  alterations  in  gene 
expression  between  normal-appearing  bronchial  epi¬ 
thelium  of  healthy  cancer-free  smokers  and  that  of 
non-smokers.101  In  addition,  and  in  the  reports  by 
Spira  etal.  and  Beane  etal.,  irreversible  changes  in 
expression  in  airways  of  former  smokers  after  years  of 
smoking  cessation  were  described  that  were  thought 
to  underlay  the  increased  risk  former  smokers 
display,  compared  with  never- smokers,  for  develop¬ 
ing  lung  cancer  long  after  they  have  discontinued 
smoking.101,102  Schembri  etal.  also  reported  alter¬ 
ations  in  the  expression  of  miRNA  between  large 
airways  of  current  and  never- smokers. 103  Notably,  an 
80-gene  signature  was  derived  from  the  transcrip¬ 
tome  of  large  airway  epithelial  cells  that  can  distin¬ 
guish  smokers  without  overt  cancer  from  smokers 
with  lung  cancer  and  exhibited  statistically  significant 
utility  characteristics  of  a  lung  cancer  biomarker, 
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despite  originating  from  normal  bronchial  epithe¬ 
lia.104  Moreover,  the  80-gene  signature,  using  publicly 
available  microarray  datasets,  was  able  to  distinguish 
lung  tumours  from  corresponding  normal  lung  tis¬ 
sues.104  More  recently,  Gustafson  et  al.  derived  a  phos- 
phatidylinositol  3 -kinase  ( PI3K)  pathway  activation 
signature  using  recombinant  adenoviruses  to  express 
the  110a  subunit  of  PI3K  in  primary  human  epithelial 
cells.105  The  same  study  then  demonstrated  that  the 
PI3K  pathway  activation  signature  was  elevated  in 
cytologically  normal  bronchial  airways  of  smokers 
with  lung  cancer  and  with  dysplastic  lesions.105  Of 
substantial  clinical  importance,  the  study  found 
that  the  signature  was  decreased  in  the  airways 
of  high-risk  smokers  whose  dysplastic  lesions 
regressed  following  treatment  with  the  PI3K  inhibitor 
myoinositol.105 

Microarray  and  gene  expression  profiling  method¬ 
ologies  were  also  used  to  demonstrate  the  wide 
anatomical  spread  of  the  lung  field  cancerization 
to  epithelial  regions  that  can  be  non-invasively 
sampled  when  devising  approaches  for  early  detec¬ 
tion  of  lung  cancer.  Sridhar  et  al.  highlighted 
common  gene  expression  alterations  in  bronchial, 
nasal  and  buccal  epithelia  of  smokers,  in  particular 
of  various  detoxification  genes  that  perpetuate  the 
field  of  cancerization  due  to  tobacco  consump¬ 
tion.106  In  addition,  Zhang  etal.  identified  119  genes 
whose  expression  was  affected  by  smoking  similarly 
in  both  bronchial  and  nasal  epithelium,  including 
genes  related  to  detoxification,  oxidative  stress  and 
wound  healing,107  and  the  study  by  Boyle  etal.  high¬ 
lighted  significant  similarities  in  expression  changes 
between  smokers  and  never-smokers  in  oral  and 
bronchial  epithelia.108 


Lung  adenocarcinoma  field  cancerization 

To  better  understand  the  pathogenesis  of  EGFR 
mutant  lung  adenocarcinomas,  Tang  and  colleagues 
investigated  the  presence  of  EGFR  mutations  in 
normal  bronchial  and  bronchiolar  epithelium  adja¬ 
cent  to  EGFR  mutant  tumours.  As  mentioned  before, 
EGFR  mutations  were  detected  in  histologically 
normal  peripheral  epithelia  in  44%  of  lung  adenocar¬ 
cinoma  patients  with  mutations  but  none  in  patients 
lacking  mutations  in  the  oncogene.77  Moreover,  the 
same  study  highlighted  more  frequent  EGFR  muta¬ 
tions  in  normal  epithelium  within  the  tumour  (43%) 
than  in  adjacent  sites  (24%)  suggests  a  localized  field- 
effect  phenomenon  for  this  abnormality  in  the  respi¬ 
ratory  epithelium  of  the  lung.77  In  addition,  a  higher 
frequency  of  mutations  in  cells  obtained  from  small 
bronchi  (35%)  compared  with  bronchioles  (18%)  was 
detected.77  More  recently,  EGFR  protein  overexpres¬ 
sion,  similar  to  mutation  of  the  gene,  also  exhibited  a 
localized  field  effect,  as  it  was  more  frequent  in 
normal  bronchial  epithelia  sites  within  tumours  than 
in  sites  adjacent  to  and  distant  from  tumours.78 
Interestingly,  EGFR  copy-number  alteration  was 
not  evident  in  normal  bronchial  epithelia,  which 
is  in  accordance  with  findings  that  EGFR  copy 
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number  is  relatively  a  late  event  in  pathogenesis  of 
adenocarcinomas.7,78 


Field  cancerization  compartmentalization 

The  low  frequency  of  molecular  abnormalities 
detected  in  the  centrally  located  bronchial  respiratory 
epithelium  in  patients  with  peripheral  lung  adenocar¬ 
cinomas,  compared  with  specimens  from  patients 
with  SCC  and  SCLC,89  suggests  the  presence  of  two 
compartments  in  the  lung  with  different  degrees  of 
smoking-related  genetic  damage.  Thus,  smokers  who 
develop  SCC  have  more  smoking-related  genetic 
damage  in  the  respiratory  epithelium  of  the  central 
airway,  whereas  patients  who  develop  adenocarci¬ 
noma  have  damage  mainly  in  the  peripheral  airways 
(small  bronchus,  bronchioles  and  alveoli).  While 
some  molecular  changes  (e.g.  inflammation  and  sig¬ 
nalling  pathways  activation)  have  been  detected 
throughout  the  lung  airway  and  include  both  com¬ 
partments  (central  and  peripheral  airway),  other 
aberrations  have  been  more  frequently  altered  in 
either  central  (e.g.  LOH,  genetic  instability  evidenced 
by  microsatellite  repeats)  or  peripheral  (e.g.  EGFR 
mutations)  airways. 


Lineage-specific  genes  in  lung  cancer 

The  transformation  of  normal  cells  into  tumourigenic 
counterparts  is  mediated  by  a  complex  array  of  intra¬ 
cellular  signals,  as  well  as  genetic  and  epigenetic 
regulation.  It  has  been  suggested  that  lineage-specific 
genes,  which  play  important  roles  in  normal  develop¬ 
mental  processes  such  as  organogenesis  or  tissue 
homeostasis  and  remain  to  be  expressed  or  become 
amplified  during  an  acquired  pathological  condition, 
are  crucial  for  maintenance  of  the  disease  state.32,109 
Interestingly,  lineage  genes  can  discriminate  different 
subtypes  of  the  same  cancer  that  rise  from  dissimilar 
cells/progenitors,  for  example,  adenocarcinomas 
versus  squamous  tumours,  and  might  offer  new 
insights  into  crucial  and  therapeutically  pliable 
tumour  dependencies.109  Various  studies  have  high¬ 
lighted  the  potential  ‘addiction’  of  tumour  cells  to 
aberrant  and  growth-promoting  cell  signalling  medi¬ 
ated  by  lineage-specific  oncogenes,  for  example, 
presence  of  the  BCR-ABL  fusion  oncoprotein  in 
chronic  myelogenous  leukemia,110  mutations  in  the 
KIT  oncogene  in  gastrointestinal  stromal  tumours,111 
amplification  of  the  microphthalmia-associated  tran¬ 
scriptional  factor  ( MITF)  in  melanoma112  and,  more 
recently,  amplification  of  PAX8  in  ovarian  cancer.113 
Two  lineage-specific  oncogenes  have  been  character¬ 
ized  in  NSCLC.  Recently,  TITF-1  amplification  and 
protein  expression  were  shown  to  be  prevalent  in 
lung  adenocarcinomas  and  elicit  growth-promoting 
signals  in  this  malignancy.34-36  The  master  ESC  tran¬ 
scriptional  factor  SOX2  was  shown  to  be  a  member  of 
the  3q  locus  (3q26.3)  that  is  specifically  amplified  in 
lung  and  oesophageal  squamous  carcinomas.32  These 
findings  demonstrate  that  TITF-1  and  SOX2  function 
as  lineage-specific  oncogenes  in  lung  adenocarcino- 
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mas  and  SCC,  respectively,  and  that  targeting  path¬ 
ways  downstream  of  those  two  master  regulators  may 
leverage  new  therapeutic  strategies  independently  for 
each  NSCLC  subtype. 


TITF-1 

TITF-1  is  a  homeodomain-containing  transactivating 
factor  predominantly  expressed  in  the  terminal  lung 
bronchioles  and  lung  periphery  in  the  developing  and 
adult  mouse.114,115  In  addition,  TITF-1  is  crucial  for 
branching  morphogenesis  during  normal  lung 
development114-116  and  transactivates  the  expression 
of  the  SP,  such  as  SP-A,  -B  and  -C,  which  are  in  turn 
typically  expressed  in  the  Clara  cells  and  are  impor¬ 
tant  for  the  differentiation  of  alveolar  type  II  pneu- 
mocyte  cells  in  the  peripheral  lung.117 

Several  studies  have  demonstrated  increased  copy 
number  and  amplification  of  the  14ql3.3  locus  that 
harbours  the  TITF-1  gene  as  well  as  paired  box  tran¬ 
scriptional  factor  family  member  9  ( PAX9 )  and 
NKX2.8 .34,36  It  is  postulated  that  TITF-1  functions  as  a 
lineage-specific  oncogene  in  lung  adenocarcinoma  as 
knockdown  of  TITF-1  expression,  in  cells  with  ampli¬ 
fication  of  the  gene,  by  RNA  interference  results  in 
lung  adenocarcinoma  cell-growth  inhibition  and 
apoptosis  demonstrating  a  lineage-specific  depen¬ 
dency  of  lung  adenocarcinomas  on  TITF-1: 34-36 
Kendall  et  dl.  demonstrated  that  co-amplified  TITF-1, 
PAX9  and  NKX2.8  exhibit  oncogenic  cooperation  and 
cell  prosurvival  and  proliferative  properties.118  Over¬ 
expression  of  both  TITF-1  and  NKX2. 8  simultaneously 
in  BEAS-2B  immortalized  human  bronchial  epithelial 
cells  elicited  the  highest  increase  in  cell  colony  growth 
compared  with  single-gene  transfected  cells.118  More¬ 
over,  pathway  gene  signatures  that  overlap  down¬ 
stream  of  both  TITF-1  and  NKX2.8  defined  lung 
adenocarcinoma  patients  with  most  dismal  prognosis 
compared  with  signatures  downstream  of  either 
transcriptional  factor  alone.119  However,  recently  in 
KRAS (LSL- G12D/+);p53 (flox/ flox)  mice,  TITF-1  was 
shown  to  suppress  tumourigenesis  and  limit  meta¬ 
static  potential  in  vivo.120 

Our  group  and  others  have  demonstrated  that 
TITF-1  copy-number  gain  or  amplification  is  associ¬ 
ated  with  poor  prognosis  in  NSCLC.121,122  In  contrast  to 
the  expected  pro-survival  properties  of  a  cell-lineage 
oncogene  and  the  association  of  TITF-1  copy-number 
gain  and  amplification  with  poor  survival,  TITF-1 
protein  expression  by  immunohistochemistry  was 
shown  to  be  a  marker  of  favourable  prognosis  in 
NSCLC122-125  including  early  stage  (stage  I)  lung 
adenocarcinoma.126  It  is  worthwhile  to  mention  that 
TITF-1  protein  expression  and  TITF-1  gene  copy 
number  were  found  to  be  associated  with  mutations 
in  the  KRAS  and  EGFR  oncogenes,  respectively.122  As 
mutations  in  EGFR  and  KRAS  occur  almost  mutually 
exclusively  in  lung  adenocarcinomas2  and  were  sug¬ 
gested  to  function  in  different  lineages  of  lung  adeno¬ 
carcinomas,109  it  is  possible  that  TITF-1  expression 
is  aberrantly  differently  controlled  within  different 
subsets  of  adenocarcinomas.  It  is  also  important 
to  note  that  TITF-1  copy-number  gain  was  also 
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demonstrated  in  lung  SCC.34,122,125  It  is  plausible  that 
TITF-1  copy  gain  may  only  be  a  surrogate  marker  in 
SCC  of  another  molecular  defect  in  a  gene  nearby  or 
within  the  14ql3.3  amplicon,  for  example,  NKX2.8  or 
PAX9.  The  significance  of  the  infrequent  copy  number 
increase  of  TITF-1  in  lung  SCC  remains  elusive. 


SOX2 

SOX2  was  suggested  to  play  key  developmental  roles 
in  the  formation  of  the  lung,  trachea  and  oesophagus 
based  on  its  expression  pattern  in  these  tissues 
and  organs.127  Interestingly,  SOX2  was  shown  to  be 
important  for  the  morphogenesis  of  the  trachea  and 
oesophagus,  and  the  differentiation  of  the  oesoph¬ 
ageal  epithelium.128  Moreover,  the  timing  of  SOX2 
expression  in  the  foregut  is  tightly  regulated,  as  it  is 
only  expressed  in  the  main  airways  and  non¬ 
branching  bronchioles  in  the  developing  and  adult 
mouse  lung.127  129  130  Heterozygote  and  homozygote 
transgenic  mice  with  mutant  SOX2  have  substantial 
defects  in  lung  branching  and  morphogenesis  during 
development.129  130  Moreover,  SOX2  plays  key  roles  in 
the  maintenance  of  developing  and  adult  tracheal 
cells  evidenced  by  shorter  and  injured  trachea  in  mice 
with  knockout  of  both  alleles  of  the  transcriptional 
factor.130  The  numerous  functions  SOX2  elicits  in  the 
differentiation  of  the  conducting  airways  among 
other  roles  are  reviewed  in  more  detail  by  Whitsett 
and  colleagues.131  It  is  important  to  note  that  SOX2 
forms  a  core  transcriptional  factor  complex  with 
OCT4  or  OCT1  and  TirNaNogl NANOG  that  binds  to 
enhancer  sequences  of  various  genes  to  regulate  the 
inner  cell  mass  or  embryoblast  within  the  blastocyst 
cavity  in  embryos.132  Moreover,  Boyer  and  colleagues 
demonstrated  that  SOX2  along  with  OCT4  and 
NANOG  form  a  core  regulatory  transcriptional  cir¬ 
cuitry,  signified  by  a  SOX2/OCT4/NANOG  expression 
signature,  consisting  of  autoregulatory  and  feed¬ 
forward  loops  for  the  pluripotency  and  self-renewal 
of  ESC.133 

As  mentioned  earlier  in  the  review,  various  studies 
have  demonstrated  that  amplification  of  chromo¬ 
somal  region  3q  (3q26.3)  is  almost  specific  to  lung 
SCC.61'63,64,66,67  The  studies  by  Bass  et  al.  and  Hussenet 
and  colleagues  revealed  that  SOX2  is  amplified  in  this 
chromosomal  region  in  lung  SCC  and  squamous 
oesophageal  cancers  and  promotes  survival  of  SCC 
with  amplification  of  this  gene.32  134  Subsequently, 
increased  SOX2  mRNA  levels  in  lung  SCC  relative  to 
adenocarcinomas  was  further  evidenced  by  effective 
separation  of  both  NSCLC  subtypes  by  the  previously 
characterized  OCT4/SOX2/NANOG  ESC  expression 
signature,133  following  analysis  of  publicly  available 
NSCLC  microarray  datasets.33  In  addition,  SOX2 
immunohistochemical  protein  expression  was  com¬ 
pletely  absent  in  lung  adenocarcinoma  pathogenesis, 
highly  expressed  in  SCC  development  and  signifi¬ 
cantly  elevated  in  lung  SCC  relative  to  adenocarcino¬ 
mas.33  Interestingly,  Maeir  etal.  later  demonstrated 
that  SOX2  amplification  was  found  in  squamous  car¬ 
cinomas  originating  from  other  tissues  and  organs, 
such  as  those  of  the  cervix,  skin  and  penis.135  It  is 
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noteworthy  that  SOX2  immunohistochemical  protein 
expression  in  lung  SCC  and  adenocarcinomas  was 
also  observed  by  other  groups  but  in  association 
with  clinicopathological  features  including  patient 
outcome.  Interestingly,  Wilbertz  etal.  reported  the 
association  of  SOX2  expression  with  favourable 
prognosis  in  lung  SCC.136  On  the  other  hand,  Sholl 
and  colleagues  demonstrated  that  SOX2  immuno¬ 
histochemical  expression  was  an  indicator  of  poor 
prognosis  in  lung  adenocarcinomas.137  Despite  the 
equivocal  associations  of  S0X2  with  lung  cancer  prog¬ 
nosis,  various  studies  have  highlighted  tumour- 
promoting  roles  for  this  lineage-specific  oncogene  in 
lung  cancer.32,138,139 

McCaughan  and  colleagues  specifically  analysed  3q 
copy-number  alteration  in  bronchial  dysplasia  of 
varying  grades  and  severity  and  demonstrated  that 
SOX2  amplification  was  present  in  high-grade  bron¬ 
chial  dysplasias  but  not  in  low-grade  lesions  and, 
importantly,  was  associated  with  clinical  progression 
of  high-grade  preinvasive  squamous  lesions.140  It  is 
important  to  mention  that  Yuan  et  al.  had  found  rela¬ 
tively  high  SOX2  immunohistochemical  protein 
expression  in  normal  bronchial  epithelia  and  alveolar 
bronchiolarization  structures.33  Congruent  with  the 
study  by  Yuan  etal,  the  results  by  McCaughan  and 
colleagues  demonstrated  the  implication  of  SOX2  in 
the  early  pathogenesis  of  lung  SCC.33  140  Given  the  high 
SOX2  protein  expression  in  histologically  normal 
bronchial  epithelia,  amplification  of  SOX2  in  high- 
grade  dysplasia  may  exacerbate  signalling  down¬ 
stream  of  this  transcriptional  factor  in  the  course  of 
SCC  development.  It  is  unknown  whether  SOX2  may 
be  amplified  in  normal  bronchial  epithelia,  in  par¬ 
ticular,  those  adjacent  to  lung  SCC  with  increased 
dosage  of  the  gene.  The  findings  outlined  earlier  dem¬ 
onstrate  that  S0X2  is  another  cell-lineage  oncogene 
with  dissimilar  functions  between  SCC  and  lung 
adenocarcinomas. 


FUTURE  DIRECTIONS 

Lung  adenocarcinoma  genomics 

Studies  addressing  genomic  profiles,  including  copy- 
number  alterations  and  mutational  spectrums,  have 
substantially  increased  our  understanding  of  the 
molecular  make-up  and  biology  of  lung  adenocarci¬ 
nomas  demonstrating  that,  genomically,  this  subtype 
of  NSCLC  is  different  from  SCC.  However,  the  hetero¬ 
geneity  within  lung  adenocarcinomas  is  still  poorly 
understood.  For  example,  it  is  unknown  whether,  for 
example,  genomic  copy-number  alterations  found  in 
never-smoker  adenocarcinomas  are  unique  to  this 
subtype  or  whether  they  are  also  found  in  smoker 
tumours.  A  large-scale  side-by-side  genomic  analysis 
of  never-smoker  and  smoker  lung  adenocarcinomas 
would  shed  light  on  copy-number  alterations  unique 
to  both  subtypes  of  lung  adenocarcinomas.  Moreover, 
it  is  not  clear  whether  certain  copy-number  alter¬ 
ations  can  be  clinically  exploited  for  targeted  therapy 
of  lung  adenocarcinoma.  An  important  step  in  this 
direction  was  the  demonstration  by  Yuan  et  al.  that 
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lung  adenocarcinomas  with  mutant  EGFR  and  ampli¬ 
fication  of  specific  genes  within  the  7p  region  predict 
poor  response  to  EGFR  targeting  tyrosine-kinase 
inhibitors.70  ft  is  tempting  to  speculate  that  an 
orthogonal  study,  largely  encompassing  both  copy- 
number  alterations  and  mutational  spectrum  and 
detecting  focal  amplification  of  oncogenes  and  loss  of 
tumour-suppressor  genes,  would,  for  example,  high¬ 
light  potential  targets  of  therapy  in  EGFR,  KRAS  and 
ALK wild-type  lung  adenocarcinomas  for  which  there 
is  an  unmet  need  for  therapeutic  strategies. 


Next-generation  sequencing 

Next-generation  sequencing  (NGS)  technology, 
through  whole-genome,  whole-exome  and  whole- 
transcriptome  approaches,  holds  great  promise  for 
providing  invaluable  insights  into  lung  adenocarci¬ 
noma  biology,  diagnosis,  prevention  and  therapy.141 
NGS  enables  the  sequencing  of  expressed  genes, 
exons  and  complete  genomes  providing  data  on  levels 
of  expression  with  a  substantially  larger  dynamic 
range  compared  with  array  technology,  sequence 
alterations,  single  nucleotide  variations,  as  well  as 
structural  genomic  aberrations.141  A  handful  of 
studies  have  successfully  applied  NGS  approaches  to 
sequence  one  or  two  human  lung  tumour  samples 
or  cell  lines  demonstrating  the  feasibility  of  system¬ 
atic,  genome-wide  characterization  of  rearrange¬ 
ments  and  alterations  in  complex  human  cancer 
genomes.141-144  NGS  analysis  of  a  significant  number 
of  lung  adenocarcinomas  and/or  NSCLC  with  charac¬ 
terized  mutational  status  of  known  oncogenes  (e.g. 
EGFR  and  KRAS )  undoubtedly  represents  an  im¬ 
portant  next  step  in  furthering  our  comprehension 
of  lung  cancer  biology.  However,  the  application 
of  NGS  technology  in  clinical  decision-making  and 
personalized  medicine  is  yet  challenging. 


Field  cancerization  and  lung 
adenocarcinoma  pathogenesis 

Applying  the  same  advanced  high-throughput  meth¬ 
odologies  currently  used  in  studying  established 
tumours  for  the  genetic  analysis  of  lung  adenocarci¬ 
noma  preneoplasia  and  intraepithelial  lesions,  as  well 
as  histologically  normal  adjacent  regions,  is  expected 
to  expand  our  understanding  of  the  biology  of  this 
prevalent  disease.  An  important  step  in  this  direction 
was  a  recent  study  by  Beane  et  al.  in  which  RNA  of 
bronchial  airway  epithelial  cell  brushings  from 
healthy  never- smokers  and  smokers  with  and  without 
lung  cancer  was  analysed  by  RNA  sequencing.145  The 
study  highlighted  transcripts  whose  expression  was 
either  not  interrogated  by  or  was  not  found  to  be  sig¬ 
nificantly  altered  when  using  microarrays  demon¬ 
strating  that  NGS,  like  in  established  lung  tumours, 
has  the  potential  to  provide  new  insights  into  the 
biology  of  the  airway  field  cancerization  associated 
with  smoking  and  lung  cancer.145 

Earlier  findings  demonstrated  that  centrally  located 
lung  SCC  and  peripherally  located  lung  adenocarci¬ 
nomas  elicit  and  perpetuate  differential  effects  on  the 
airway  epithelia.  We  believe  that  these  effects  overlap 
with  those  of  the  response  of  the  host  to  tobacco 
exposure  (reviewed  by  Steiling  eta/.88)  but  may  be 
unique  in  several  aspects.  Changes  in  expression  in 
the  lung  field  of  injury  have  shown  to  be  similar  in  the 
large  and  small  airways,  and  it  is  unknown  whether 
they  are  associated  with  the  development  of  the  par¬ 
ticular  subtype  of  NSCLC.  Addressing  this  question 
may  be  highly  pertinent  because  both  NSCLC  sub- 
types  display  different  genomic  features,  as  previously 
discussed,  and,  therefore,  are  clinically  managed  by 
significantly  dissimilar  treatment  strategies,  let  alone 
differences  among  various  subtypes  of  lung  adeno¬ 
carcinomas.  Moreover,  a  compartmental  approach  in 
studying  the  field  of  cancerization  (Fig.  1)  will  shed 


Figure  1  Molecular  analysis  of 
the  lung  field  cancerization.  It  is 
unknown  whether  changes  in 
expression  in  the  lung  field  cancer¬ 
ization  are  associated  with  the  devel¬ 
opment  of  a  particular  subtype  of 
non-small  cell  lung  cancer  (NSCLC), 
that  is,  adenocarcinomas  compared 
with  squamous-cell  carcinomas 
(SCC).  Analysing  local  and  distant 
field  cancerization  independently 
for  lung  adenocarcinomas  and  SCC 
may  shed  light  on  events  common 
or  unique  to  the  molecular  patho¬ 
genesis  of  the  two  major  subtypes 
of  NSCLC.  Such  a  'compartmental' 
approach  in  studying  the  field  can¬ 
cerization  may  unravel  biomarkers 
that  can  guide  personalized  preven¬ 
tion  strategies  suitable  for  each 
different  NSCLC  subtype. 
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light  on  events  in  the  early  pathogenesis  of  lung 
adenocarcinomas  versus  SCC  and  unravel  biomark¬ 
ers  that  can  be  lineage  specific  and  can  guide  person¬ 
alized  chemoprevention  strategies  suitable  for  each 
different  NSCLC  subtype,  which  may  reduce  the  rela¬ 
tively  high  frequency  of  relapse  of  early  stage  patients. 

PERSPECTIVE 

Despite  numerous  efforts  that  have  focused  on 
increasing  our  understanding  of  the  biology  of  lung 
adenocarcinomas,  this  subtype  of  NSCLC  that  is 
increasing  in  incidence  compared  with  SCC,  consti¬ 
tutes  for  approximately  half  of  lung  cancer  deaths 
each  year,  which  in  turn  comprise  the  biggest  share  of 
cancer-related  deaths  in  the  United  States  and  world¬ 
wide.  Compared  with  advances  in  targeted  and  per¬ 
sonalized  therapy  of  lung  adenocarcinomas,  little 
progress  has  been  made  in  the  tailored  prevention 
of  this  fatal  malignancy  leading  to  a  substantially 
decreased  enthusiasm.  This  may  change  with  the 
recent  encouraging  and  significant  findings  of  the 
NLST.  Various  molecular  markers  and  expression 
classifiers  previously  described  in  the  lung  airways 
and  in  less  invasive  sites  of  the  field  cancerization,  for 
example,  nasal,  sputum  and  exhaled  breath  conden¬ 
sates,  can  aid  in  selecting  high-risk  individuals  best 
suited  for  CT  screening  for  example.  A  comprehensive 
analysis  of  early  molecular  events  in  lung  adenocar¬ 
cinoma  pathogenesis  will  undoubtedly  unravel 
biomarkers  that  can,  in  the  future,  aid  prevention 
through  personalized  strategies,  deliver  its  longstand¬ 
ing  promise  to  oppose  this  disease. 
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POSITRON  EMISSION  TOMOGRAPHY/COMPUTED  TOMOGRAPHY-GUIDED 
INTENSITY-MODULATED  RADIOTHERAPY  FOR  LIMITED-STAGE  SMALL-CELL 
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Shervin  M.  Shirvani,  M.D.,*  Ritsuko  Komaki,  M.D.,*  John  V.  Heymach,  M.D.,  Ph.D./ 
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Purpose:  Omitting  elective  nodal  irradiation  from  planning  target  volumes  does  not  compromise  outcomes  in  pa¬ 
tients  with  non-small-cell  lung  cancer,  but  whether  the  same  is  true  for  those  with  limited-stage  small-cell  lung 
cancer  (LS-SCLC)  is  unknown.  Therefore,  in  the  present  study,  we  sought  to  determine  the  clinical  outcomes 
and  the  frequency  of  elective  nodal  failure  in  patients  with  LS-SCLC  staged  using  positron  emission  tomogra¬ 
phy/computed  tomography  and  treated  with  involved-field  intensity-modulated  radiotherapy. 

Methods  and  Materials:  Between  2005  and  2008,  60  patients  with  LS-SCLC  at  our  institution  underwent  disease 
staging  using  positron  emission  tomography/computed  tomography  before  treatment  using  an  intensity- 
modulated  radiotherapy  plan  in  which  elective  nodal  irradiation  was  intentionally  omitted  from  the  planning 
target  volume  (mode  and  median  dose,  45  Gy  in  30  fractions;  range,  40.5  Gy  in  27  fractions  to  63.8  Gy  in  35  frac¬ 
tions).  In  most  cases,  concurrent  platinum-based  chemotherapy  was  administered.  We  retrospectively  reviewed 
the  clinical  outcomes  to  determine  the  overall  survival,  relapse-free  survival,  and  failure  patterns.  Elective  nodal 
failure  was  defined  as  recurrence  in  initially  uninvolved  hilar,  mediastinal,  or  supraclavicular  nodes.  Survival  was 
assessed  using  the  Kaplan-Meier  method. 

Results:  The  median  age  of  the  study  patients  at  diagnosis  was  63  years  (range,  39-86).  The  median  follow-up  duration 
was  21  months  (range,  4-58)  in  all  patients  and  26  months  (range,  4-58)  in  the  survivors.  The  2-year  actuarial  overall 
survival  and  relapse-free  survival  rate  were  58%  and  43%,  respectively.  Of  the  30  patients  with  recurrence,  23  had 
metastatic  disease  and  7  had  locoregional  failure.  We  observed  only  one  isolated  elective  nodal  failure. 

Conclusions:  To  our  knowledge,  this  is  the  first  study  to  examine  the  outcomes  in  patients  with  LS-SCLC  staged 
with  positron  emission  tomography/computed  tomography  and  treated  with  definitive  intensity-modulated  radio¬ 
therapy.  In  these  patients,  elective  nodal  irradiation  can  be  safely  omitted  from  the  planning  target  volume  for  the 
purposes  of  dose  escalation  and  toxicity  reduction.  ©  2012  Elsevier  Inc. 

Small-cell  lung  cancer,  Involved  field  radiation,  Positron  emission  tomography,  PET,  Intensity-modulated  radio¬ 
therapy,  IMRT. 


INTRODUCTION 

The  value  of  radiotherapy  (RT)  for  local  control  of  small-cell 
lung  cancer  (SCLC)  confined  to  the  thorax  is  indisputable 
(1,  2).  Moreover,  the  use  of  concurrent  chemotherapy  with 
RT  has  resulted  in  an  increased  survival  benefit  and  has 
become  the  standard  of  care  for  patients  with  limited-stage 
small  cell  lung  cancer  (LS-SCLC),  yie-lding  5-year  survival 
rates  of  about  28%  (3).  Nonetheless,  most  patients  still  experi¬ 
ence  recurrence  and  ultimately  death  from  their  disease.  Evi¬ 
dence  suggests  that  disease  control  in  SCLC  patients  can  be 
improved  by  even  more  aggressive  therapy  than  that  used  cur¬ 
rently,  including  radiation  dose  escalation.  For  example,  in 


a  multisite  Phase  I  study  evaluating  different  accelerated  RT 
regimens  with  concurrent  chemotherapy,  the  1 8-month  survival 
rate  for  the  maximal  tolerated  dose  of  6 1.2  Gy  was  82%,  signif¬ 
icantly  better  than  the  rate  achieved  at  the  lowest  dose  of  50.4 
Gy  (25%)  (4).  However,  enthusiasm  among  physicians  for 
dose-escalated  RT  combined  with  chemotherapy  must  be  tem¬ 
pered  by  the  potential  for  significant  toxic  effects,  including 
esophagitis,  pneumonitis,  and  bone  marrow  suppression  (4-7). 

One  strategy  for  escalating  radiation  doses  without 
increasing  toxicity  is  to  diminish  the  targeted  volume  by 
omitting  elective  radiation  fields,  including  uninvolved 
nodal  stations.  This  strategy  has  proved  useful  for  non¬ 
small-cell  lung  cancer  and  is  associated  with  a  minimal 
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incidence  of  elective  nodal  recurrence  (8-10).  More 
recently,  physicians  have  adopted  this  strategy  for  limited- 
stage  SCLC  (LS-SCLC);  however,  published  data  support¬ 
ing  its  use  for  this  disease  are  sparse.  In  one  study,  De 
Ruysscher  et  al.  (11)  found  that  among  patients  with  LS- 
SCLC  treated  with  involved-field  RT  guided  by  computed 
tomography  (CT),  the  elective  nodal  failure  (ENF)  rate 
(11%)  was  unacceptably  high.  However,  a  similar  study  by 
the  same  group  using  positron  emission  tomography  (PET) 
with  CT  (PET/CT)  for  target  delineation  produced  better  re¬ 
sults,  demonstrating  an  isolated  ENF  rate  of  only  3%  (12).  In 
the  latter  study,  the  investigators  did  not  use  four¬ 
dimensional  (4D)  CT-guided  target  delineation  or  treatment 
planning,  respiratory  gating,  or  intensity-modulated  RT 
(IMRT);  thus,  the  generalizability  of  their  results  is  limited. 
The  incorporation  of  these  new  technologies,  including 
IMRT  to  PET/CT  staging,  co-uld  offer  an  opportunity  to  fur¬ 
ther  reduce  toxicity  but  carry  other  risks.  For  example,  inci¬ 
dental  irradiation  to  nontargeted  elective  nodes  might  be 
different  in  IMRT  than  for  three-dimensional  conformal 
techniques  and  affect  the  rate  of  elective  nodal  failure.  In 
the  present  study,  we  hypothesized  that  the  clinical  outcomes 
and  rate  of  elective  nodal  failure  would  be  acceptable  using 
the  combined  approach  of  PET/CT  staging  and  IMRT  plan¬ 
ning.  Therefore,  we  conducted  a  retrospective  study  of  our 
experience  with,  and  report  on  the  clinical  outcomes  and  pat¬ 
terns  of  failure  of,  involved-field  RT  for  LS-SCLC  using 
IMRT  guided  by  PET/CT. 

METHODS  AND  MATERIALS 

Patient  selection 

The  clinical  records  of  all  consecutive  patients  with  LS-SCLC 
who  had  undergone  external  beam  RT  initiated  at  the  University 
of  Texas  M.D.  Anderson  Cancer  Center  between  2005  and  2008 
were  retrospectively  reviewed.  LS-SCLC  was  defined  as  disease 
confined  to  the  thorax  and  regional  nodes  without  malignant  pleural 
effusion.  The  patients  were  included  in  the  analysis  if  they  had  been 
diagnosed  with  histologically  proven  LS-SCLC  that  had  not  been 
treated  previously  with  RT,  had  undergone  staging  using  PET/CT 
before  RT,  had  undergone  definitive  IMRT  for  the  primary  disease, 
and  had  complete  RT  records  available.  The  patients  who  had  been 
diagnosed  initially  with  LS-SCLC  and  sc-heduled  for  induction 
chemotherapy  but  who  subsequently  developed  distant  metastasis 
before  referral  to  the  radiation  oncology  department  were  not  in¬ 
cluded  in  the  present  analysis.  Most  (97%)  of  the  patients  received 
concurrent  platinum-based  chemotherapy.  The  M.D.  Anderson  in¬ 
stitutional  review  board  approved  the  present  study. 

Radiotherapy 

The  patients  underwent  IMRT  using  the  Pinnacle  CT-based  treat¬ 
ment  planning  software  program  (Philips  Medical  Systems,  And¬ 
over,  MA).  They  underwent  simulation  and  treatment  in  the 
supine  position  with  their  arms  raised  above  their  heads  and  were 
immobilized  using  a  custom-made  Vac-Lok  cradle  (Medtec,  Orange 
City,  IA).  Most  patients  (73%)  underwent  4D  simulation.  The  gross 
tumor  volume  (GTV )  included  regions  of  primary  disease  and  nodal 
metastasis  defined  by  metabolically  active  regions  on  the  patient’s 
staging  PET/CT  scans.  Involved  nodal  regions  diagnosed  by  histo- 
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logic  evaluation  of  the  biopsy  samples  obtained  during  mediastino¬ 
scopy  or  bronchoscopy  were  included  in  the  GTV,  regardless  of  the 
nodes’ lxF-fiuorodeoxyglucose  avidity  on  PET/CT  scans.  For  4D 
simulation,  an  internal  GTV  was  defined  as  the  sum  envelope  of 
GTVs  extracted  from  the  component  images  obtained  in  10-breath 
phases  (13).  Typically,  the  clinical  target  volume  (CTV)  was  defined 
as  the  internal  GTV  plus  an  8-mm  margin.  The  planning  target 
volume  (PTV)  was  defined  as  the  CTV  plus  a  5-10-mm  margin. 
In  some  cases,  in  lieu  of  the  internal  GTV  covering  the  entire  respi¬ 
ratory  cycle,  the  treatment  volumes  were  defined  at  deep  inspiration, 
if  necessary,  to  conform  to  normal  tissue  restraints.  For  the  patients 
who  underwent  simulation  during  free  breathing,  the  GTV  was  ex¬ 
panded  by  0.8  cm  to  define  the  CTV,  except  for  where  the  normal 
anatomic  barriers  and  dose  constraints  required  a  smaller  expansion. 
The  CTV  was  then  expanded  by  1  cm  to  compensate  for  setup  var¬ 
iability  and  target  motion  to  generate  the  PTV.  The  plans  were  cor¬ 
rected  for  tissue  inhomogeneity  during  treatment  planning. 

Radiation  was  delivered  using  photon  beams  of  a  6  MV  from 
a  linear  accelerator.  During  RT,  radiation  oncologists  evaluated 
the  patients  weekly  to  evaluate  any  acute  toxic  effects.  Staging 
was  repeated  about  3  months  after  RT  completion  using  contrast- 
enhanced  CT.  If  no  disease  progression  was  observed,  the  patients 
were  offered  prophylactic  cranial  RT  to  a  total  dose  of  25  Gy  in  10 
fractions.  After  completion  of  all  treatment,  the  patients  underwent 
repeat  clinical  examinations  and  imaging  every  3  months  for  2 
years  and  then  every  6  months  for  3  years.  Tumor  recurrences 
were  scored  as  separate,  discrete  events  if  they  occurred  S3  months 
apart. 

Statistical  analysis 

The  clinical  endpoints  examined  included  overall  survival  (OS), 
relapse-free  survival  (RFS),  and  patterns  of  failure.  Recurrences 
were  classified  as  in-field  failures  if  most  of  the  recurrent  tumor 
volume  or  an  obvious  origin  of  recurrence  was  located  in  the  treat¬ 
ment  field  PTV.  In  contrast,  out-of-field  failure  was  defined  as 
a  recurrence  outside  the  PTV  but  within  the  lungs,  pleura,  medias¬ 
tinum,  or  regional  nodes.  Elective  nodal  failure  (ENF)  represented 
a  subset  of  out-of-field  failure  and  was  defined  as  a  recurrence  out¬ 
side  the  PTV  but  within  a  hilar,  mediastinal,  or  supraclavicular 
nodal  basin.  ENF  was  deemed  to  be  isolated  only  in  the  absence 
of  other  sites  of  failure.  Survival  and  the  interval-to-failure  dura¬ 
tions  were  measured  from  the  date  of  pathologic  diagnosis  of 
LS-SCLC,  and  the  timing  of  the  recurrences  was  defined  as  the 
time  of  the  first  imaging  or  clinical  finding  of  recurrence.  Survival 
probabilities  were  determined  using  the  Kaplan-Meier  method. 
Differences  among  the  subgroups  of  patients  were  evaluated  using 
the  log-rank  test.  Toxicities  were  graded  according  to  the  Radia¬ 
tion  Therapy  Oncology  Group  criteria  (14,  15). 

RESULTS 

Patient  population  and  treatment 

A  total  of  60  patients  with  LS-SCLC  treated  using  IMRT 
guided  by  PET/CT  between  2005  and  2008  were  included  in 
the  present  study  (Table  1).  Their  median  age  was  63  years 
(range,  39-86).  Most  patients  had  a  good  performance 
status,  with  85%  of  them  having  an  Eastern  Cooperative 
Oncology  Group  score  of  0  or  1.  Nearly  all  the  patients 
(94%)  had  nodal  disease  at  treatment,  and  approximately 
one-third  of  the  patients  had  Stage  N3  disease.  Eight  patients 
(13%)  had  involvement  of  an  ipsilateral  or  contralateral 
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Table  1 .  Patient  and  treatment  characteristics 


Characteristic 

Value 

Patients  (n) 

60 

Age  (y) 

Median 

63 

Range 

38-86 

Gender  (n) 

Male 

25  (42) 

Female 

35  (58) 

ECOG  performance  status  (n) 

0 

6(10) 

1 

45  (75) 

2 

3(5) 

3 

0(0) 

Not  specified 

6(10) 

Weight  loss  before  treatment  (n) 

None 

23  (38) 

<10  lb 

10(17) 

>10  lb 

20  (33) 

Not  specified 

7  (12) 

Primary  tumor  size  (n) 

<3  cm 

22  (37) 

>3  cm 

36  (60) 

Primary  tumor  not  identified 

2(3) 

AJCC  nodal  stage  (n) 

0 

4(7) 

1 

10(17) 

2 

24  (40) 

3 

22  (37) 

Chemotherapy  (n) 

Induction 

18  (30) 

Concurrent 

Cisplatin/etoposide 

40  (67) 

Carboplatin/etoposide 

11  (18) 

Cisplatin/irinotecan 

4(7) 

Unknown 

3(5) 

None 

2(3) 

RT  (n) 

Simulation 

Four-dimensional 

44  (73) 

Free  breathing 

16  (27) 

Dose  (n) 

45  Gy,  twice  daily 

41  (68) 

Other 

19  (32) 

Prophylactic  cranial  irradiation  (n) 

Yes 

37  (62) 

No 

22  (37) 

Unknown 

1  (2) 

Abbreviations:  ECOG  =  Eastern  Cooperative  Oncology  Group; 
AJCC  =  American  Joint  Committee  on  Cancer;  RT  =  radiotherapy. 
Data  in  parentheses  are  percentages. 


supraclavicular  nodal  basin,  and  two  (3%)  had  direct  exten¬ 
sion  into  adjacent  bone;  in  all  these  cases,  the  treating  oncol¬ 
ogists  classified  the  disease  as  limited  stage  at  treatment 
planning. 

Eighteen  patients  (30%)  underwent  induction  chemother¬ 
apy,  and  58  patients  (97%)  underwent  concurrent  chemo¬ 
therapy,  usually  with  a  platinum  agent  and  topoisomerase 
inhibitor.  The  most  prescribed  radiation  dose  was  45  Gy 
delivered  in  30  twice-daily  fractions;  68%  of  the  patients 
received  this  treatment.  Other  prescribed  total  doses  ranged 
from  40.5  Gy  delivered  in  27  fractions  to  63.8  Gy  delivered 


in  a  combination  of  daily  and  accelerated  twice-daily  frac¬ 
tions.  Thirty-seven  patients  (62%)  subsequently  received 
prophylactic  cranial  RT  after  definitive  therapy  to  the 
primary  disease. 

Clinical  outcomes  and  patterns  of  failure 

The  median  follow-up  duration  was  21  months  (range,  4- 
58)  in  all  patients  and  26  months  (range,  4-58)  in  survivors. 
The  median  actuarial  overall  survival  time  was  36  months 
(95%  confidence  interval  [Cl],  22-51),  and  the  actuarial 
2-year  OS  and  RFS  rate  were  58%  and  43%,  respectively 
(Figs.  1  and  2). 

Thirty  patients  (50%)  had  an  observed  recurrence.  The 
leading  cause  of  treatment  failure  was  metastatic  disease, 
which  developed  in  23  patients  (38%)  and  accounted  for 
77%  of  all  recurrences.  Seven  patients  (12%)  experienced 
locoregional  failure.  One  patient  (2%)  had  an  isolated 
ENF,  which  represented  3%  of  all  recurrences.  The  site 
of  this  nodal  recurrence  had  <5  Gy  of  incidental  radiation 
during  the  initial  treatment  (Fig.  3).  We  observed  three 
other  ENFs,  with  two  occurring  concurrently  with  in-field 
failures  and  one  occurring  concurrently  with  distant  metas¬ 
tasis.  Two  ENFs  occurred  in  the  paratracheal  nodes,  and 
the  other  two  occurred  in  the  supraclavicular  nodes.  The 
sites  of  recurrence  and  their  frequencies  are  listed  in 
Table  2. 

Toxicity 

The  rates  of  esophageal  and  pulmonary  toxicities  are 
presented  in  Table  3.  A  total  of  14  (23%)  and  4  (7%) 
patients  experienced  moderately  symptomatic  (Grade  3) 
acute  radiation  esophagitis  and  pneumonitis,  respectively. 
No  patients  experienced  Grade  4  or  5  acute  esophagitis 
or  pneumonitis.  Neutropenic  fever  occurred  in  10  patients 
(17%).  No  chronic  Grade  3  esophageal  or  pulmonary  tox¬ 
icities  were  observed;  one  late  Grade  4  toxicity  occurred  in 
a  chronic  smoker  who  required  continuous  oxygen  by  nasal 
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Fig.  1.  Actuarial  overall  survival. 
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Fig.  2.  Actuarial  relapse-free  survival. 

cannula  after  developing  severe  pulmonary  fibrosis  follow¬ 
ing  treatment. 

PET/CT  characteristics 

Thirty-five  patients  (58%)  underwent  staging  using  PET/ 
CT  at  our  institution,  and  the  remainder  did  so  at  another 
facility.  The  mean  duration  from  the  date  of  PET/CT  to 
the  start  of  RT  was  38  days  (range,  3-153;  95%  Cl,  30- 
47).  In  the  patients  for  whom  the  standardized  uptake  value 
(SUV)  was  reported,  the  mean  maximal  SUV  was  13.99 
(range,  5.4-36.4;  95%  Cl,  12.1-15.9).  Neither  the  setting 
in  which  the  PET  was  performed  nor  the  maximal  SUV  cor¬ 
related  with  OS  or  RFS  (data  not  shown).  A  period  of  <30 
days  from  the  date  of  PET/CT  to  the  start  of  RT  was  associ- 
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ated  with  a  nonsignificant  trend  toward  improved  RFS 
ip  =  .10)  but  not  improved  OS  (Fig.  4). 

DISCUSSION 

In  the  early  1990s,  emerging  evidence  demonstrated  that 
small  radiation  target  volumes  did  not  adversely  affect  tumor 
control  in  the  treatment  of  LS-SCLC  (16-18).  In  fact,  >80% 
of  failures  after  RT  during  this  period  occurred  in  field, 
suggesting  that  inadequate  radiation  doses,  rather  than 
inadequate  volumes,  were  the  primary  causes  of  intra- 
thoracic  recurrence  (19).  Therefore,  the  prevailing  trend  for 
RT  in  LS-SCLC  during  the  past  two  decades  has  been  to  re¬ 
duce  the  treatment  field  size  while  increasing  the  radiation 
dose.  Small  volumes  have  the  additional  benefit  of  sparing 
surrounding  organs  at  risk  from  potentially  life-threatening 
complications.  The  lungs,  in  particular,  benefit  from  the  re¬ 
duced  volumes,  because  the  rate  of  pneumonitis  approaches 
33%  once  the  lung  volume  receiving  >20  Gy  exceeds  40% 
(20).  Thus,  the  treatment  approach  for  SCLC  at  our  institution 
has  been  to  use  image-guided  RT  to  deliver  escalated 
radiation  doses  to  conformal  treatment  volumes  (13).  To 
that  end,  PET/CT  scanning  for  staging  and  IMRT  for  treat¬ 
ment  planning  were  incorporated  at  our  institution  for  the 
treatment  of  LS-SCLC  in  2005.  We  retrospectively  reviewed 
the  clinical  outcomes  and  failure  patterns,  including  the  rate 
of  ENF,  in  patients  treated  using  these  technologies.  In  our  co¬ 
hort  of  60  patients,  we  observed  a  promising  2-year  actuarial 
OS  and  RFS  rate  of  58%  and  43%,  respectively.  We  only 
observed  one  isolated  elective  nodal  failure,  and  the  dominant 
mode  of  recurrence  in  our  data  set  was  not  locoregional  failure 
but  rather  metastatic  disease.  The  treatment  was  well  tolerated 
by  most  patients,  with  Grade  3  acute  esophagitis  and  pneumo¬ 
nitis  occurring  in  23%  and  7%  of  patients,  respectively. 


Fig.  3.  Example  of  isolated  elective  nodal  failure  in  our  cohort.  (Right)  Intensity-modulated  radiotherapy  planning  dose 
volumes  for  this  patient,  who  received  45  Gy  in  30  fractions  given  twice  daily  (orange,  clinical  target  volume;  blue,  45  Gy 
isodose  line;  red,  36  Gy;  green,  20  Gy;  yellow,  5  Gy).  (Left)  Elective  nodal  failure  in  right  paratracheal  lymph  node  (white 
arrow)  observed  on  surveillance  positron  emission  tomography/computed  tomography  scan  obtained  about  3  months  after 
radiotherapy  completion.  Other  areas  of  lsF-fluorodeoxyglucose  avidity  on  the  image  indicate  inflammation  and  did  not 
appear  on  subsequent  scans. 
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Table  2.  Patterns  of  failure  for  first 

recurrence 

Patients  with 

Recurrence 

recurrence(n) 

Total 

30  (100) 

Locoregional  failure 

7  (23) 

In  field 

3(10) 

Out  of  field  (includes 

2(7) 

elective  nodes) 

In  field  and  out  of  field 

2(7) 

(includes  elective  nodes) 

Distant  failure 

23  (77) 

Distant  metastases  alone 

18  (60) 

In-field  and  distant 

2(7) 

metastases 

Out-of-field  and  distant 

2(7) 

metastases 

In-field,  out-of-field,  and 

1  (3) 

distant  metastases 

Elective  nodes 

4(13) 

Pattern 

Isolated  elective  nodes 

1  (3) 

In-field  and  elective  nodes 

1  (3) 

Distant  metastases  and 

2(7) 

elective  nodes 

Location 

Paratracheal 

2(7) 

Supraclavicular 

2(7) 

Data  in  parentheses  are  percentages. 


Because  of  these  findings,  omitting  elective  nodal  RT  from  the 
planning  treatment  volumes  is  reasonable  and  could  improve 
local  control  without  increasing  toxicity  by  allowing  dose  es¬ 
calation  in  a  small  field. 

Positron  emission  tomography/CT  is  likely  to  be  the  most 
sensitive  noninvasive  method  of  delineating  the  extent  of 
SCLC.  Several  series  have  shown  that  PET  staging  alters 
the  presumed  distribution  of  SCLC  in  25-30%  of  patients  pre¬ 
viously  staged  using  CT  only  (21-23).  Therefore,  the  use  of 
CT  alone  for  target  delineation  in  patients  with  LS-SCLC 
carries  the  risk  of  a  geographic  miss  secondary  to  undetected 
disease.  Confirming  this  hypothesis,  a  Phase  II  study  of 
involved-field  RT  found  a  rather  high  rate  of  ENF  (11%)  in 
patients  with  SCLC  staged  using  CT  alone  (1 1).  In  contrast, 
the  addition  of  PET/CT  staging  to  the  diagnostic  workup  in 
a  parallel  study  by  the  same  investigators  found  a  much 

Table  3.  Esophageal  and  pulmonary  toxicities  graded  using 
Radiation  Therapy  Oncology  Group  criteria 


RTOG  grade 


Toxicity 

0 

1 

2 

3 

4 

5 

Acute  (n) 

Esophageal 

3(5) 

15  (25) 

28  (47) 

14  (23) 

0(0) 

0(0) 

Pulmonary 

38  (63) 

12  (20) 

6(10) 

4(7) 

0(0) 

0(0) 

Chronic  (n) 

Esophageal 

54  (90) 

5(8) 

1  (2) 

0(0) 

0(0) 

0(0) 

Pulmonary 

40  (67) 

9(15) 

10(17) 

0(0) 

1  (2) 

0(0) 

Abbreviation:  RTOG  =  Radiation  Therapy  Oncology  Group. 
Data  in  parentheses  are  percentages. 
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Fig.  4.  (a)  Relapse-free  survival  and  (b)  overall  survival  stratified 
by  interval  from  positron  emission  tomography/computed  tomog¬ 
raphy  staging  study  to  start  of  radiotherapy  (green,  £30  days; 
blue,  <30  days). 

improved  rate  of  ENF  (3%)  (12).  Additional  improvements 
in  PET  techniques  and  logistics  might  further  improve  local 
control  and  survival  in  SCLC. 

A  natural  hypothesis  is  that  staging  at  or  near  simulation 
might  result  in  improved  disease  coverage  by  preventing 
tumor  progression  in  the  PET-to-simulation  interval.  Our 
data  suggest  a  trend  toward  improved  RFS  rates  with  PET- 
to-simulation  intervals  <30  days,  making  the  conclusion  that 
PET/CT  ought  to  be  performed  at  or  near  simulation  a  tempting 
one.  However,  patients  with  earlier  RT  simulations  might  have 
been  healthier  or  had  a  better  response  to  the  initial  treatment. 
Moreover,  chemotherapy  delivery  affects  the  optimal  timing 
of  PET/CT.  At  many  institutions,  the  standard  practice  is  to 
have  patients  undergo  simulation  just  before  RT,  at  which 
time  induction  chemotherapy  or  the  first  dose  of  concurrent 
chemotherapy  might  have  already  been  delivered  (24).  In 
these  cases,  PET/CT  staging  at  simulation  might  be  compro¬ 
mised  by  a  diminished  signal  as  a  result  of  the  systemic  treat¬ 
ment.  Therefore,  additional  studies  are  needed  to  determine 
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the  optimal  timing  of  PET/CT  in  relation  to  both  the  delivery 
of  the  first  dose  of  chemotherapy  and  the  start  of  RT. 

We  did  not  observe  a  difference  in  OS  or  RFS  between  the 
patients  whose  PET/CT  scans  were  obtained  at  our  institu¬ 
tion  and  those  whose  scans  were  obtained  at  other  facilities, 
despite  suggestion  in  the  literature  that  the  quality  of  PET/ 
CT  studies  can  depend  on  the  practice  setting  and  training 
experience  of  the  interpreting  radiologist  (25).  Likewise, 
we  did  not  detect  any  differences  in  the  OS  or  RFS  rate 
when  we  grouped  patients  according  to  the  maximal  SUVs 
on  staging  PET  scans,  which  conflicts  with  recent  data  indi¬ 
cating  that  the  SUV  is  prognostically  relevant  (26).  The  ret¬ 
rospective  nature  of  our  study  and  the  heterogeneity  of  it 
with  regard  to  the  specific  timing  of  PET/CT  in  relation  to 
the  delivery  of  chemotherapy  might  have  diluted  the  effect 
of  SUV  on  prognosis. 

To  our  knowledge,  this  is  the  first  study  to  examine  the  use 
of  PET/CT  and  IMRT  for  involved-field  RT  for  LS-SCLC. 
However,  a  recent  study  by  van  Loon  et  al.  (12)  in  The  Neth¬ 
erlands  reported  outcomes  for  a  similar  group  of  60  patients 
with  LS-SCLC  treated  using  three-dimensional  conformal 
techniques  in  place  of  IMRT.  Strikingly,  our  series  and  theirs 
had  nearly  the  same  incidence  of  isolated  ENF  (2%  and  3%, 
respectively),  providing  compelling  corroboration  of  our  pri¬ 
mary  finding  that  omission  of  elective  nodal  irradiation  in 
pursuit  of  dose  escalation  and  reduced  toxicity  is  warranted. 
However,  some  important  differences  in  outcomes  of  these 
two  studies  warrant  attention.  The  2-year  actuarial  OS  and 
RFS  rates  in  our  study  (58%  and  43%,  respectively)  were 
greater  than  those  (35%  and  17%,  respectively)  reported  by 
van  Loon  et  al.  (12).  Our  results  also  represent  a  modest 
improvement  over  that  in  the  landmark  Intergroup  Trial 
0096,  in  which  the  2-year  OS  and  RFS  rate  in  the  45  Gy 
twice-daily  arm  was  47%  and  29%,  respectively. 

The  disparities  in  the  study  population  and  inherent  selec¬ 
tion  bias  were  certainly  responsible  for  some  of  the  differ¬ 
ences  in  outcomes  seen  between  these  studies.  In  addition, 
it  is  worth  exploring  other  differences  in  study  design  and 
treatment  technique  that  could  also  have  had  a  bearing  on 
the  patient  outcomes.  Specifically,  one  explanation  for  the 
disparities  between  our  results  and  those  in  the  Dutch  study 
is  the  use  of  different  RT  techniques,  including  IMRT  and 
4D-CT  simulation  in  our  study.  Previously,  we  compared 
IMRT  with  three-dimensional  conformal  RT  for  advanced 
non-SCLC  and  found  improved  target  coverage  and  reduced 
normal  tissue  exposure  using  the  IMRT  plans.  Specifically, 
IMRT  improved  target  conformality,  delivered  greater  doses 
to  the  target,  and  reduced  the  mean  lung  volume  receiving 
>20  Gy  (27,  28).  Also,  most  of  our  patients  underwent  4D 
simulation  for  treatment  planning.  Liu  et  al.  (29)  previously 
demonstrated  that  during  the  respiratory  cycle,  one-half  of  all 
lung  tumors  moved  >5  mm  and  one-tenth  moved  >1  cm.  Our 
use  of  4D  simulation,  therefore,  might  have  reduced  the  rate 
of  geographic  misses  during  treatment  caused  by  tumor  mo¬ 
tion.  We  observed  a  trend  suggesting  that  patients  who  under¬ 
went  4D  simulation  had  better  RFS  rates  than  those  who 
underwent  simulation  with  free  breathing  (data  not  shown); 
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however,  that  analysis  was  limited  because  the  free  breathing 
scans  were  done  in  a  small  group  of  patients  who  underwent 
treatment  at  the  beginning  of  our  study  period  before  4D  sim¬ 
ulation  was  fully  commissioned.  We  expect  that  the  comple¬ 
tion  of  ongoing  lung  cancer  trials  designed  to  clarify  the  use 
of  technologies  such  as  IMRT  and  4D  simulation  in  the  treat¬ 
ment  of  lung  cancer  will  shed  more  light  on  their  contribution 
to  improving  outcomes. 

One  other  issue  worth  considering  is  the  potential  role  of 
incidental  irradiation  in  the  elective  nodal  failures  seen  in 
our  study.  Other  investigators  have  studied  incidental  irradi¬ 
ation  in  three-dimensional  conformal  therapy  of  involved- 
field  radiation  in  advanced  non-SCLC  and  have  reported 
that  the  median  mean  dose  for  thoracic  nodal  regions  (Levels 
1-1 1)  was  >40  Gy,  except  for  at  Levels  1,  3,  and  7  in  their  se¬ 
ries  (30).  It  stands  to  reason  that  the  treatment  of  LS-SCLC 
also  results  in  high  levels  of  incidental  nodal  irradiation, 
because  this  disease  tends  to  be  more  centrally  located  near 
mediastinal  nodal  basins.  Although  beyond  the  scope  of  the 
present  study,  future  investigations  could  clarify  this  issue 
by  measuring  the  doses  to  incident  nodes  and  relating  them 
to  rates  of  nodal  control.  It  is  notable  that  the  1  patient  in 
our  series  with  isolated  elective  nodal  failure  had  negligible 
radiation  dose  at  the  site  of  paratracheal  nodal  failure  (Fig.  3). 

Our  study  was  retrospective  and  thus  had  several  impor¬ 
tant  limitations  that  could  explain  the  promising  outcomes 
we  observed.  The  improved  sensitivity  of  PET/CT  in  detect¬ 
ing  distant  metastases  might  have  excluded  patients  who 
otherwise  would  have  been  classified  as  having  LS-SCLC 
in  previous  diagnostic  eras,  thereby  improving  the  mean  out¬ 
comes  in  our  cohort.  This  stage-migration  phenomenon 
might  be  responsible  for  our  improved  outcomes  compared 
to  Intergroup  Trial  0096.  Furthermore,  because  the  patients 
were  not  prospectively  followed  up,  selection  bias  and  the 
loss  of  patients  from  our  tertiary  referral  center  to  local 
follow-up  might  have  contributed  to  an  underestimation  of 
the  rates  of  recurrence  and  death.  Finally,  the  follow-up  in 
our  study  was  limited  both  because  of  the  recent  advent  of 
this  treatment  strategy  at  our  institution  and  the  relative  rar¬ 
ity  of  LS-SCLC  in  the  general  population. 

Despite  these  limitations,  the  data  from  evaluations  of 
image-guided  involved-field  RT  for  LS-SCLC  are  scarce; 
thus,  we  believe  that  the  present  series  of  60  patients  is 
a  significant  addition  to  the  published  data  and  provides 
intriguing  hypotheses  for  the  future  study  of  treatments  of 
this  disease.  We  hope  that  future  prospective  studies  using 
strict  protocols  for  patient  stratification,  diagnosis,  and  treat¬ 
ment  will  verify  and  build  on  the  outcomes  we  have  reported. 

CONCLUSIONS 

In  the  present  cohort  of  60  patients  with  LS-SCLC  staged 
using  PET/CT  and  undergoing  definitive  IMRT,  only  one  iso¬ 
lated  ENF  occurred.  We  have  concluded  that  for  the  purposes 
of  dose  escalation  and  reduced  toxicity,  elective  nodal  irradi¬ 
ation  can  be  safely  omitted  from  the  PTV  in  patients  who  un¬ 
derwent  staging  and  treatment  using  these  techniques. 
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Comment 


HER2-positive  breast  cancer.  Developing  new  treatment 
approaches  in  the  early  disease  setting  is  not  simple, 
and  has  been  made  more  complicated  by  our  recent 
successes.  Conventional  randomised  adjuvant  study 
designs  require  very  large  sample  sizes  when  the 
expected  outcome  with  standard  therapy  is  quite 
favourable.  In  addition,  these  studies  take  many  years 
to  complete.  An  alternative  to  assessing  promising  new 
therapies  in  the  adjuvant  setting  is  to  use  preoperative 
study  designs,  as  exemplified  by  Gianni  and  colleagues' 
study.3  By  using  a  surrogate  endpoint— pCR— 
preoperative  studies  can  be  done  much  more  rapidly 
and  with  far  fewer  patients  than  a  typical  adjuvant 
study.  In  addition,  because  patients  who  receive  an 
investigational  regimen  in  the  preoperative  setting 
can  still  receive  standard  of  care  therapy  after  surgery, 
the  preoperative  study  design  allows  the  assessment 
of  novel  targeted  agents  earlier  in  their  development 
than  would  typically  be  possible  in  an  adjuvant  study. 
Preoperative  study  designs  also  provide  a  rich  source 
of  tumour  tissue  from  which  we  can  identify  predictive 
biomarkers,  assess  pharmacodynamic  properties  of 
agents,  and  explore  mechanisms  of  resistance  in  residual 
tumours.  Together  these  features  make  the  preoperative 
study  design  particularly  well  suited  for  assessing  novel 
HER2-directed  agents  and  combinations. 

Nonetheless,  despite  the  advantages  of  preoperative 
study  designs,  they  remain  inadequate  for  regulatory 
approval  of  new  agents  because  there  is  no  definitive 
evidence  that  differences  in  pCR  will  reliably  translate  into 
differences  in  long-term  clinical  outcome.  The  finding 
that  ER-positive  cancers  have  significantly  lower  rates 
of  pCR  than  do  ER-negative  cancers,  but  generally  have 
more  favourable  long-term  disease  control,  indicates 
that  the  failure  to  obtain  a  pCR  in  a  patient  with  an  ER 
and  HER2-positive  tumour  does  not  necessarily  predict  a 


particularly  dire  outcome.  This  observation  highlights  the 
need  todevelop  better  surrogate  markers  and  underscores 
the  importance  of  focusing  on  subgroups  of  patients  with 
HER2 -positive  disease.  Nevertheless,  we  believe  that  the 
preoperative  setting  holds  great  promise  to  identify  early 
clinical  signals,  to  interrogate  tumourtissue  for  biomarkers 
that  can  predicttreatment  outcome,  and  ultimately  forthe 
purpose  of  drug  approval.  Large  adjuvant  studies  continue 
to  have  a  place  in  breast-cancer  research,  but  they  need  to 
be  complemented  by  innovative  preoperative  studies. 
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EGFR  expression  and  the  flexibility  of  FLEX 


In  The  Lancet  Oncology,  Robert  Pirker  and  colleagues1 
report  on  further  analysis  of  the  FLEX-study2  where  they 
calculate  an  immunohistochemistry  score  (H  score)  to 
provide  a  more  detailed  assessment  of  EGFR  protein 
expression  and  how  this  affects  response  to  treatment 
with  cetuximab  in  patients  with  advanced  non-small- 
cell  lung  cancer  (NSCLC).  The  El  score  takes  into  account 


the  percentage  of  cells  (0-100%)  in  each  intensity 
category  (0-3+)  and  computes  a  final  score,  on  a 
continuous  scale  between  0  and  300.  Elere,1  a  cutoff 
value  of  200  was  used  to  define  high  and  low  EGFR 
expressing  groups.  A  similar  immunohistochemistry 
scoring  system  (with  a  continuous  scale  between  0 
and  400)  for  EGFR  was  introduced  in  2003, 3  based  on  a 
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^  I  prognostic  discrimination  for  patients  with  early  stage 
NSCLC.  Patient's  with  high  EGFR  expression  (score  of 
a200)  showed  a  trend  to  better  prognosis  without 
any  systemic  therapy.  The  FLEX  study2  compared 
^■9  chemotherapy  with  and  without  cetuximab  as  first- 
line  treatment  in  patients  with  advanced  NSCLC,  who 
had  tumours  expressing  even  a  minimum  amount  of 
EGFR  (>1%  cells).  The  study2  showed  better  survival 
for  the  treatment  with  chemotherapy  plus  cetuximab 
(median  survival  11-3  months  vs  101  months,  hazard 
ratio  of  death  [HR]  0-87  [95%  Cl  0-76-100],  p=0-04).2 
A  similar  study,  the  BMS-099  study,4  in  completely 
unselected  patients  with  advanced  NSCLC,  did  not  show 
a  significant  outcome  benefit  with  chemotherapy  plus 
cetuximab  (overall  survival  HR  0-89  [0-75-105]).4  In 
both  studies,  the  clinical  benefit  was  marginal  in  these 
modestly  selected  or  unselected  patient  populations. 

The  FLEX  investigators  refine  their  results  by  using 
a  H  score.  In  the  original  selection  of  patients  to  FLEX, 
85%  of  them  were  eligible  for  therapy  on  the  basis  of 
EGFR  screening.  However,  when  using  the  H  score,  those 
patients  categorised  in  the  high-EGFR  group  comprised 
only  31%  of  the  patients  tested.  The  analyses  for  the 
group  with  EGFR  expression  above  the  cutpoint  showed 
a  median  overall  survival  of  12  0  months  (chemotherapy 
plus  cetuximab)  versus  9-6  months  (HR  0-73  [95%  Cl 
0-58-0-93],  p=0-01).  For  Caucasian  patients  with  high 
EGFR  (82%),  the  overall  survival  HR  was  0-64  (0-49-0-83) 
with  a  survival  difference  of  3-5  months5  in  median  overall 
survival  in  favour  of  chemotherapy  plus  cetuximab.  In 
the  adenocarcinoma  subgroup,  the  median  survival 
in  the  high  EGFR-expressing  group  was  20-2  months 
for  those  given  chemotherapy  plus  cetuximab  versus 
13-6  months  for  those  given  chemotherapy  alone 
(HR  0-74  [0-48-1-14]).  Thus,  the  H  score  assessment 
seems  to  help  select  a  group  of  patients  that  might 
particularly  benefit.  Nearly  100%  of  the  patients  in  the 
FLEX  study  had  a  H  score  assessment  compared  with 
22%  (148  of  676)  of  patients  in  the  BMS-099-6  However, 
both  studies  pointed  in  the  same  direction  (BMS-099: 
high-EGFR  group  had  overall  survival  HR  of  0-93  vs  1-28 
in  low-EGFR  group,  and  objective  response  in  40%  of 
patients  in  high  group  vs  18%  of  those  in  low  group).6 

Several  crucial  questions  remain  about  the 
reproducibility  of  the  H  score.  Results  from  a  re¬ 
producibility  study  were  recently  presented,7  which 
showed  that  by  training  pathologists,  reproducibility 


among  different  observers  i  ncreased  from  a  concordance 
of  76%  (k=0-52)  to  91%  (k=0-81).7  Thus,  the  H  scoring 
system  seems  reproducible  among  pathologists  after 
specific  training. 

Is  further  prospective  validation  of  the  FLEX  findings 
necessary?  Even  if  the  H  score  system  was  prespecified  in 
the  FLEX  study, 2  the  cutoff  value  of  200  for  high  expression 
versus  low  expression  was  not.  The  use  of  the  sub¬ 
population  treatment  effect  pattern  plot  (STEPP)  method, 
without  a  validation  set,  raises  issues  of  reproducibility. 
This  concern  could  be  mitigated  by  showing  that  the 
cases  of  high  versus  low  expression  are  reproducible  at 
multiple  sites  and  in  multiple  datasets.  Therefore,  further 
prospective  validation  is  essential  and  is  currently  planned 
in  a  large  ongoing  prospective  phase  3  study  comparing 
chemotherapy  with  and  without  cetuximab  (SWOG 
0819  study).  Whether  automated  assessment  of  EGFR 
protein-expression  (ie,  AQUA  assessment),8  or  other 
digital  quantitative  scoring  systems  (ie,  ACIS,  APERIO, 
or  LEICA)  can  improve  the  selection  of  patients  for  the 
use  of  cetuximab,  or  other  EGFR  antibodies,  needs  to  be 
addressed  in  future  studies. 

Clearly,  the  use  of  targeted  drugs  requires  specific 
criteria  for  patient  selection  based  on  the  assessment 
of  a  molecular  target.  For  patients  with  advanced 
NSCLC,  we  have  now  identified  EGFR  mutations  (in 
10%  of  Caucasian  patients)  and  anaplastic  lymphoma 
kinase  (ALK)-gene  rearrangements  (3%)  as  crucial 
determinants  for  EGFR  tyrosine-kinase  inhibitors  and 
ALK-inhibitor  therapies,  respectively.  Use  of  EGFR 
immunohistochemistry  in  the  FLEX  study  seems  to  be 
an  encouraging  step  towards  personalised  medicine  for 
patient  subgroups  with  advanced  lung  cancer  who  will 
potentially  receive  cetuximab. 
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Hypofractionated  radiotherapy  for  prostate  cancer 


In  radiobiology,  the  a-p  ratio,  defined  as  the  dose 
at  which  killing  of  cells  by  linear  (a)  and  quadratic 
(p)  components  are  equal,  is  used  to  quantify  the 
fractionation  sensitivity  of  tissues  and  tumours.  With 
data  from  low-dose-rate  brachytherapy  and  external- 
beam  radiotherapy  series,  Brenner  and  Hall1  were 
the  first  to  report  a  low  a-P  ratio  of  1-5  for  prostate 
cancer;  many  investigators  have  since  recorded  similar 
values  (lower  than  those  of  surrounding  normal 
tissues,  such  as  the  rectum  and  bladder).  As  a  result, 
the  hypofractionation  approach  to  radiotherapy— ie, 
few,  large  doses— has  potential  therapeutic  advantages 
for  tissues  with  low  a-P  ratios  and  hence  high 
radiation-fraction  sensitivity. 

In  The  Lancet  Oncology,  David  Dearnaley  and  colleagues2 
report  preliminary  safety  results  from  the  conventional 
versus  hypofractionated  high-dose  intensity-modulated 
radiotherapy  in  prostate  cancer  (CHHiP)  randomised 
trial.  CHHiP  is  an  important  multi-institutional  trial 
comparing  conventional  2  Gy  fractions  to  a  total  of 
74  Gy  in  37  fractions  with  hypofractionated  high- 
dose  radiotherapy  in  3  Gy  fractions  to  totals  of  60  Gy 
in  20  fractions  or  57  Gy  in  19  fractions.  With  a  median 
follow-up  of  50-5  months,  both  hypofractionation 
schedules  were  well  tolerated  without  any  increase  in 
toxicity  when  compared  with  controls.  These  results 
are  promising,  but  long-term  toxicity  outcomes  and 
data  for  freedom  from  biochemical  failure  or  recurrence 
of  prostate  cancer  are  awaited.  Data  for  secondary 
endpoints,  such  as  development  of  metastases,  cause- 
specific  and  overall  survival,  quality  of  life,  and  health 
economics,  will  also  be  important. 


Although  an  a-p  ratio  of  less  than  two  for  prostate 
cancer  is  widely  accepted,  some  reports  suggest 
values  of  more  than  three.3  Confounding  factors  for 
a-p  ratio  estimates  are  poorly  matched  groups,  hypoxia, 
different  definitions  of  biochemical  failures,  inaccurate 
assumptions,  disease  heterogeneity,  high-grade  dis¬ 
ease,  retrospective  data,  and  insufficient  follow-up. 
A  prospective  randomised  trial  such  as  CHHiP  helps 
to  establish  the  true  a-P  ratio  for  prostate  cancer  and 
thus  could  advance  understanding  of  prostate-cancer 
biology.  However,  the  use  of  hormonal  therapy  in  this 
trial  could  be  a  potential  confounding  factor.  Even  if 
the  a-P  ratio  of  prostate  cancer  is  not  as  low  as  1-5, 
hypofractionation  might  be  a  viable  option  to  reduce 
overall  treatment  duration  without  adverse  toxic  effects 
or  reductions  in  effectiveness.  A  decrease  of  3-5  weeks 
in  overall  treatment  time  (7-5  weeks  for  conventional 
group  vs  3-8-4  weeks  for  hypofractionated  groups) 
would  have  substantial  effects  on  quality  of  life  and 
health  economics. 

The  first  randomised  trials  of  hypofractionation  had 
moderate  radiation  doses  of  64-66  Gy,  which  were  below 
the  standard-of-care  radiation  doses  of  74-80  Gy.2-4-6 
So-called  extreme  hypofractionation  has  since  been 
developed,  and  uses  stereotactic  body  radiotherapy. 
This  treatment  uses  five  fractions  of  6-10  Gy.  However, 
follow-up  for  trials  of  such  techniques  is  still  short  and 
no  data  from  randomised  trials  are  available.  The  CHHiP 
investigators  used  moderate  hypofractionation,  with 
three-dimensional  conformal  and  intensity-modulated 
radiotherapy.  Another  three  randomised  trials  have  been 
undertaken  in  the  USA4,5  and  Italy.6  The  control  doses 
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Akt/mTOR  Counteract  the  Antitumor  Activities  of 
Cixutumumab,  an  Anti-lnsulin-like  Growth  Factor  I  Receptor 
Monoclonal  Antibody 

Dong  Hoon  Shin1,  Hye-Young  Min3,  Adel  K.  El-Naggar2,  Scott  M.  Lippman1,  Bonnie  Glisson1,  and 
Ho-Young  Lee1,3 


Abstract 

Recent  reports  have  shown  limited  anticancer  therapeutic  efficacy  of  insulin-like  growth  factor  receptor 
(IGF-lR)-targeted  monoclonal  antibodies  (mAb),  but  the  resistance  mechanisms  have  not  been  completely 
identified.  Because  cooperation  between  epidermal  growth  factor  receptor  (EGFR)  and  IGF-IR  could  cause 
resistance  to  inhibitors  of  individual  receptor  tyrosine  kinases,  we  investigated  the  involvement  of  EGFR 
signaling  in  resistance  to  IGF-IR  mAb  and  the  underlying  mechanisms  of  action.  Most  head  and  neck 
squamous  cell  carcinoma  (HNSCC)  tissues  had  coexpression  of  total  and  phosphorylated  IGF-IR  and  EGFR 
at  high  levels  compared  with  paired  adjacent  normal  tissues.  Treatment  with  cixutumumab  (IMC-A12),  a  fully 
humanized  IgGl  mAb,  induced  activation  of  Akt  and  mTOR,  resulting  in  de  novo  synthesis  of  EGFR,  Aktl,  and 
survivin  proteins  and  activation  of  the  EGFR  pathway  in  cixutumumab-resistant  HNSCC  and  non-small  cell 
lung  cancer  (NSCLC)  cells.  Targeting  mTOR  and  EGFR  pathways  by  treatment  with  rapamycin  and  cetuximab 
(an  anti-EGFR  mAb),  respectively,  prevented  cixutumumab-induced  expression  of  EGFR,  Akt,  and  survivin 
and  induced  synergistic  antitumor  effects  in  vitro  and  in  vivo.  These  data  show  that  resistance  to  IGF-IR 
inhibition  by  mAbs  is  associated  with  Akt/mTOR-directed  enhanced  synthesis  of  EGFR,  Aktl,  and  survivin. 
Our  findings  suggest  that  Akt/ mTOR  might  be  effective  targets  to  overcome  the  resistance  to  IGF-IR  mAbs  in 
HNSCC  and  NSCLC.  Mol  Cancer  Ther;  10(12);  2437-48.  ©2011  AACR. 


Introduction 

Head  and  neck  squamous  cell  carcinoma  (HNSCC)  is 
the  fifth  most  common  malignancy,  and  non-small  cell 
lung  cancer  (NSCLC)  is  the  leading  cause  of  cancer- 
related  death  (1).  Despite  decades  of  research  and  treat¬ 
ment  advances,  the  5-year  survival  rates  for  both  have 
improved  little,  and  local  and  distant  metastases  remain 
significant  barriers  to  disease  eradication  (2).  Recent 
advances  in  developing  molecularly  targeted  cancer 
therapeutic  agents  that  block  specific  receptors  or  sig¬ 
naling  proteins  may  lead  to  promising  new  treatments 
for  these  cancers. 
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The  insulin-like  growth  factor  (IGF)  axis  plays  a  pivotal 
role  in  regulating  tumor  cell  growth,  differentiation,  tumor 
angiogenesis,  metastasis,  apoptosis,  and  MDR  (3).  The  IGF 
axis  is  composed  of  ligands,  receptors,  and  IGF-binding 
proteins  (4).  The  balance  between  expression  and  activity 
of  these  molecules  is  tightly  controlled  under  normal 
physiologic  conditions;  changes  in  this  balance  can  cause 
numerous  molecular  events  that  can  ultimately  lead 
to  malignancy  (5).  Increased  IGF-1  receptor  (IGF-IR)  and 
circulating  IGF-1  expression  is  associated  with  an  elevated 
risk  for  numerous  cancer  types  and  rapid  disease  pro¬ 
gression,  including  HNSCC  and  NSCLC  (6,  7).  Increased 
bioactive  IGF-II  levels  also  result  from  reduced  expression 
of  IGF-binding  protein  or  inactivation  of  the  type  2  IGF 
receptor  that  mediates  IGF-II  degradation  (8,  9).  These 
changes  can  result  in  high  local  IGF  tissue  concentrations. 
In  addition,  the  binding  of  IGFs  to  IGF-IR  initiates  confor¬ 
mational  changes,  transmembrane  receptor  tyrosine  kinase 
(RTK)  autophosphorylation,  and  Ras-Raf-mitogen-activ- 
ated  protein  kinase  and  phosphoinositide  3-kinase  (PI3K)  / 
AKT  signaling  cascade  activation,  leading  to  the  phosphor¬ 
ylation  of  several  downstream  substrates  that  are  involved 
in  cell  proliferation,  survival  and  apoptosis,  inflammation, 
genomic  instability,  and  angiogenesis  (3).  Thus,  IGF-IR 
signaling  has  been  considered  as  a  promising  target 
for  cancer  therapy.  Indeed,  IGF-IR  inactivation  by  gene 


www.aacrjournals.org 


American  Association  for  Cancer  Research 


2437 


Downloaded  from  mct.aacrjournals.org  on  April  5,  2012 
Copyright  ©  201 1  American  Association  for  Cancer  Research 


Published  OnlineFirst  October  6,  201 1 ;  DOI:1 0.1 1 58/1 535-71 63.MCT-1 1  -0235 


Shin  et  al. 


disruption,  antisense  oligonucleotides,  neutralizing  anti¬ 
bodies,  dominant-negative  mutants,  small  molecule  IGF- 
IR  kinase  inhibitors,  and  IGF-binding  proteins  has  resulted 
in  antitumor  activity  (10).  However,  several  clinical  trials 
with  anti-IGF-lR  monoclonal  antibodies  (mAb)  have 
shown  modest  therapeutic  efficacy  in  clinical  trials,  and 
the  mechanisms  involved  in  resistance  to  the  drug  have  not 
been  clearly  defined.  In  a  previous  study,  IGF  and  epider¬ 
mal  growth  factor  (EGF)  stimulation  both  resulted  in  a 
physical  association  between  the  two  receptors  in  a  TUI 59 
HNSCC  cell  line  protein  complex  (7).  We  and  others  have 
shown  cross-talk  between  RTKs  of  EGF  receptor  (EGFR) 
and  IGF  receptor,  wherein  a  inhibition  of  tyrosine  kinase 
inhibitor  (TKI)  of  one  RTK  is  compensated  by  enhanced 
activity  of  the  reciprocal  RTK;  thus,  one  suspected  IGF-1R 
resistance  mechanism  is  cross-talk  with  EGFR  or  other 
kinase  receptors  (11-13).  However,  to  our  knowledge,  the 
involvement  of  the  EGFR  pathway  in  resistance  to  IGF-1R 
mAb-based  anticancer  therapy  has  not  been  defined.  In  this 
article,  we  report  that  inhibition  of  the  IGF-1R  pathway 
by  cixutumumab  (IMC-A12),  a  fully  humanized  IgGl 
mAb  (14),  results  in  stimulation  of  the  Akt/ mTOR  path¬ 
way  through  increasing  synthesis  of  EGFR,  Aktl,  and 
antiapoptotic  survivin  proteins.  In  addition,  suppression 
of  mTOR-mediated  protein  synthesis  or  inactivation  of 
EGFR  renders  cixutumumab-resistant  cells  sensitive  to 
the  drug.  These  results  present  a  drug  resistance  mecha¬ 
nism  of  an  IGF-lR-targeted  agent  as  well  as  molecular 
targets  to  restore  its  antitumor  activity. 

Materials  and  Methods 

Cell  culture  and  reagents 

All  human  HNSCC  (SqCC/Yl,  HN30,  LN686,  FADU, 
UMSCC1,  UMSCC2,  UMSCC4,  UMSCC6,  UMSCC11A, 
UMSCC14A,  UMSCC38,  TR146,  and  OSC19)  were  kindly 
provided  by  Dr.  Jeffrey  Myers  (MD  Anderson  Cancer 
Center,  Houston,  TX).  NSCLC  (H226Br,  H226B,  H596, 
H460,  A549,  and  H1299)  cell  lines  were  kindly  provided 
by  Jack  Roth  (Department  of  Thoracic  and  Cardiovascular 
Surgery,  the  University  of  Texas  MD  Anderson  Cancer 
Center,  Houston,  TX)  or  purchased  from  the  American 
Type  Culture  Collection.  Cells  were  cultured  in  DMEM, 
Ham's  F12  or  RPMI  1640  medium  supplemented  with 
10%  FBS  (Life  Technologies,  Inc.).  Cells  were  validated  by 
analysis  of  their  short  tandem  repeat  profile.  We  used 
specific  antibodies  against  the  following  antigens:  phos- 
pho-Akt  (pAkt,  S473),  Akt,  Aktl,  Akt2,  Akt3,  pIGF-lR 
(Y1131),  prnTOR  (S2248),  mTOR,  pEGFR  (Y1068),  EGFR, 
PARP,  cleaved  caspase-3,  survivin  (Cell  Signaling  Tech¬ 
nology),  IGF-1RJ3,  pERK  (T202/204),  and  ERK  (Santa 
Cruz).  Rapamycin  was  purchased  from  MBL  Internation¬ 
al  Corporation.  Cixutumumab  and  C225  [cetuximab 
(Erbitux)]  were  provided  by  Imclone  Systems,  Inc. 

Cell  viability  assay 

Poly-HEMA  (poly-2-hydroxyethyl  methacrylate)-coat- 
ed  plates  (PCP)  were  prepared  as  previously  described 


(15). Forthe  cell  viability  assay,2  x  103  cells  were  plated  on 
96-well  PCPs  or  ultralow  attached  plates  (UAP).  After  3 
days  of  drug  treatment,  cell  proliferation  was  measured 
with  the  MTT  and  the  MTS  assay.  Six  replicate  wells  were 
used  for  each  analysis;  at  least  3  independent  experiments 
were  conducted. 

Reverse  transcriptase  PCR 

Total  RNA  was  isolated  and  reverse  transcriptase 
PCR  (RT-PCR)  was  done  as  described  elsewhere  (12), 
using  the  following  primer  sequences:  (sense)  5'-GGA- 
GAACTGCCAGAAACTGACC-3'  and  (antisense)  5'-GC- 
CTGCAGCACACTGGTTG-3'  for  EGFR;  (sense)  5'-AGC- 
GACGTGGCTATTGTGAAG-3'  and  (antisense)  5'-GCC- 
GCCAGGTCTTGATGTAC-3'  for  Aktl;  and  (sense)  5'-C- 
CTCTATGCCAACACAGTGC-3'  and  (antisense)  5'-CAT- 
CGTACTCCTGCTTGCTG-3'  for  (beta-actin).  The  follow¬ 
ing  thermocycler  conditions  were  used  for  amplification: 
94°C  for  6  minutes  (hot  start),  followed  by  28  to  33  cycles  of 
94°C  for  45  seconds,  56°C  to  60°C  for  45  seconds,  and  72°C 
for  1  minute. 

Metabolic  labeling 

Metabolic  labeling  was  done  as  described  elsewhere 
(12).  Briefly,  LN686  cells  were  treated  with  cixutumumab 
(25  pig/ mL)  in  the  presence  of  rapamycin  (1  (imol/L)  for 
72  hours  and  incubated  with  medium  lacking  methionine 
and  cysteine  for  1  hour.  The  cells  were  labeled  with  [35S] 
methionine-cysteine  and  cixutumumab  and  harvested  at 
the  indicated  time  points.  Equal  amounts  of  protein  were 
used  for  immunoprecipitation  with  antibodies  against 
EGFR,  Aktl,  Akt2,  and  Akt3,  and  the  immunoprecipitates 
were  separated  by  SDS-PAGE.  Laser  densitometry  was 
done  to  quantify  the  band  intensity. 

Western  blot  analysis 

We  carried  out  a  biochemical  analysis  of  8  head  and 
neck  tumor  and  8  healthy  adjacent  tissue  specimens  from 
patients  with  head  and  neck  cancer  who  had  undergone 
surgical  resection  at  The  University  of  Texas  MD  Ander¬ 
son  Cancer  Center  (Houston,  TX).  This  study  was 
approved  by  the  MD  Anderson  Cancer  Center  institu¬ 
tional  review  board.  All  tissue  specimens  had  been  frozen 
in  liquid  nitrogen  immediately  after  being  resected.  Total 
protein  isolation  and  Western  blot  analysis  were  done  as 
described  previously  (12). 

Soft  agar  assays 

An  anchorage-independent  colony  formation  assay 
was  done  as  previously  described  (12).  To  determine  the 
effect  of  the  combined  drug  treatment,  we  estimated 
potentiation  by  multiplying  the  percentage  of  cells 
remaining  (%  growth)  for  each  agent.  The  classification 
index  was  calculated  as  described  previously  (16). 

Caspase-3/CPP32  colorimetric  assay 

Caspase-3 /CPP32  activity  was  determined  as  des¬ 
cribed  elsewhere  (17)  using  cells  that  had  been  treated 
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with  cixutumumab,  rapamycin,  C225,  or  their  combina¬ 
tions  for  3  days.  Fold-increase  in  CPP32  activity  was 
determined  by  comparing  these  results  with  the  level  of 
the  uninduced  control.  Six  replicate  wells  were  used  for 
each  analysis;  at  least  3  independent  experiments  were 
done. 

In  vivo  model 

All  animal  procedures  were  done  in  accordance  with  a 
protocol  approved  by  the  MD  Anderson  Institutional 
Animal  Care  and  Use  Committee.  Xenograft  tumors  were 
generated  by  subcutaneously  injecting  nude  mice  with 
1  x  106  of  LN686  cells.  When  tumors  reached  a  volume  of 
80  to  100  mm3  (termed  day  0  for  our  experiments),  we 
treated  control  mice  with  an  intraperitoneal  injection  of 
sterile  PBS  and  xenografted  mice  with  cixutumumab 
(10  mg/kg,  once  a  week),  C225  (10  mg/kg,  once  a  week), 
and  rapamycin  (5  mg/kg,  daily);  cixutumumab  and 
C225  (10  mg/kg  each,  once  a  week);  or  cixutumumab 
(10  mg/kg,  once  a  week)  and  rapamycin  (5  mg/kg,  daily). 
Tumor  volumes  were  measured  every  3  days. 

Statistical  analysis 

The  data  acquired  from  the  MTT  assay  were  analyzed 
using  Student  t  test.  All  means  and  95%  CIs  from  8  samples 
were  calculated  using  Microsoft  Excel  software  (Microsoft 
Corporation).  Statistical  significance  of  differences  in 
tumor  growth  in  the  combination  treatment  group  and 
in  the  single-agent  treatment  groups  were  analyzed  by 
ANOVA.  All  means  from  triplicate  to  8  samples  and  95% 
CIs  were  calculated  using  SAS  software  (release  8.02; 
SAS  Institute).  In  all  statistical  analyses,  2-sided  P  values 
of  less  than  0.05  were  considered  statistically  significant. 

Results 

IGF-1R  and  pIGF-lR  expressions  in  human  HNSCC 
tissue 

To  have  the  rationale  to  target  both  IGF-1R  and  EGFR 
signalings,  we  determined  total  and  phosphorylated  IGF- 
1R  and  EGFR  expression  levels  in  F1NSCC  tissue.  Seven 
(#1-7)  of  the  8  tumor  specimens  had  high  levels  of  IGF-1R 


and  phosphorylated  IGF-1R  (pIGF-lR)  expression,  and  all 
of  the  tumor  specimens  had  high  levels  of  EGFR  and 
phosphorylated  EGFR  (pEGFR)  expression  compared 
with  normal  tissue  specimens  from  the  same  patients  (Fig. 
1).  All  of  the  specimens  with  high  levels  of  IGF-1R  and 
pIGF-lR  expressions  also  had  higher  levels  of  pEGFR  and 
EGFR  expression  than  did  normal  tissue.  These  findings 
indicated  coexpression  and  coactivation  of  IGF-1R  and 
EGFR  at  high  levels  in  F1NSCC,  suggesting  the  potential 
value  of  cotargeting  the  IGF-1R  and  EGFR  pathways. 

Resistance  to  cixutumumab-induced  growth 
inhibition  is  correlated  with  EGFR/PI3K/AKT 
pathway  activation  in  HNSCC  and  NSCLC  cells 
grown  in  a  3-dimensional  mimic  environment 

Several  studies  have  reported  the  difference  of  cellular 
responses  in  a  3-dimensional  (3D)  environment  and  the 
higher  sensitivities  of  a  number  of  cancer  cell  lines  to 
certain  anticancer  drugs  in  3D  culture  systems  compared 
with  the  response  of  the  same  cell  lines  grown  in  mono- 
layers  (18-20).  Flence,  we  determined  effects  of  cixutu¬ 
mumab  on  F1NSCC  cells  grown  on  poly-HEMA-coated 
plates  (PCP)  and  UAPs,  known  as  3D-mimetic  culture 
systems.  Cells  cultured  under  the  conditions  grew  and 
formed  spherical  colonies.  Representative  results  from 
LN686  and  OSC19  cells  grown  in  PCPs  and  UAPs  are 
shown  (Fig.  2A).  Cixutumumab  treatment  completely 
inhibited  10%  FBS  or  IGF  induced,  but  not  insulin 
induced,  IGF-1R  phosphorylation  (Fig.  2A,  bottom  and 
Supplementary  Fig.  SI),  indicating  that  only  IGF-1R- 
mediated  signaling  could  participate  in  the  action  of 
cixutumumab.  We  then  carried  out  an  MTS  assay  on  13 
HNSCC  and  6  NSCLC  cell  lines  in  10%  FBS  with  or 
without  cixutumumab  for  72  hours.  We  observed  differ¬ 
ential  sensitivity  of  tested  cells  to  cixutumumab  treat¬ 
ment,  and  2  HNSCC  (UMSCC38  and  OSC19)  and  NSCLC 
(H1299  and  A549m)  cell  lines  had  more  than  60%  inhibi¬ 
tion  in  viability  (Fig.  2B).  Consistent  with  the  results  in 
cells  grown  on  PCPs,  cixutumumab  treatment  strongly 
suppressed  the  growth  of  UMSCC38,  OSC19,  HI 299,  and 
A549m  cells  in  UAPs,  whereas  the  remaining  cells  showed 
moderate  responses  to  treatment  (Fig.  2C).  These  results 


Figure  1.  The  activities  and 
expression  of  IGF-1 R  and  EGFR  in 
paired  squamous  cell  carcinoma 
and  normal  tissue  specimens  from 
patients  with  HNSCC.  Proteins 
were  extracted  from  HNSCC  and 
healthy  normal  tissue  and 
subjected  to  Western  blot  analysis 
to  determine  expressions  of  total 
and  phosphorylated  IGF-1  R  and 
EGFR.  N,  normal;  T,  tumor. 
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Figure  2.  HNSCC  and  NSCLC  cell  lines  display  differential  sensitivities  to  cixutumumab  in  the  3D  mimic  condition.  Indicated  HNSCC  and  NSCLC  cells 
cultured  in  poly(HEMA)-coated  plates  (PCP)  and  in  ultralow  attached  plates  (UAP)  were  treated  with  hlgGi  (25pg/mL)  or  IMC-cixutumumab  (25pg/mL)for3  (A, 
C,  and  D)  or  5  days  (B)  in  the  presence  of  FBS  or  for  6  hours  in  the  absence  of  FBS  and  then  stimulated  with  10%  FBS  for  30  minutes  (A,  bottom).  A, 
representative  morphologies  of  LN686  and  OSC19  cells  (Con,  control;  Cixu,  cixutumumab).  A  (bottom)  and  D,  Western  blot  was  done  for  the  indicated 
proteins.  B  and  C,  cell  viabilities  were  measured  by  using  MTS  assay  and  were  determined  as  percentages  of  each  control  groups.  Independent  experiments 
were  repeated  3  times.  Bars  represent  mean  ±  SD  (n  =  6);  *,  P  <  0.05  and  **,  P  <  0.01 .  The  statistical  significance  was  determined  by  using  Student  t  test. 
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suggest  that  antitumor  effects  of  cixutumumab  are  limited 
to  specific  HNSCC  and  NSCLC  cell  lines. 

We  investigated  the  mechanisms  involved  in  cixutu¬ 
mumab  resistance  in  HNSCC  and  NSCLC  cells.  Because 
we  did  not  find  obvious  difference  between  the  results 
from  PCP  and  UAP,  additional  studies  were  done  in  PCP, 
as  a  representative  of  3D-mimic  2D  system.  We  correlated 
total  (Supplementary  Fig.  S2A)  and  phosphorylated  IGF- 
1R  and  EGFR  (Supplementary  Fig.  S2B)  with  resistance  to 
cixutumumab  and  found  no  obvious  correlation  between 
them.  Furthermore,  IGF-1R  mRNA  levels  were  not  chan¬ 
ged  after  the  drug  treatment  (data  not  shown).  However, 
cixutumumab  increased  phosphorylation  of  EGFR  and  its 
downstream  mediators,  including  Akt  and  mTOR,  in  all 
cixutumumab-resistant  HNSCC  (SqCC/Yl,  LN686, 
UMSCC2,  and  FADU)  and  NSCLC  (H226Br,  H596,  and 
H460)  cell  lines,  but  not  in  cixutumumab-sensitive 
HNSCC  (OSC19)  and  NSCLC  (H1299)  cell  lines  after  3 
days  of  treatment  (Fig.  2D).  Of  note,  cixutumumab-resis¬ 
tant  cell  lines  had  increased  EGFR  and  Aktl  levels,  with  no 
changes  in  Akt2  and  3,  suggesting  that  activation  of  the 
EGFR  pathway  could  have  been  due  to  the  increased 
expressions  of  EGFR  and  Aktl.  Cixutumumab-resistant 
cells  also  showed  slightly  increased  level  of  survivin 
expression,  a  member  of  inhibitor  of  apoptosis  proteins 
known  to  decrease  the  sensitivity  of  tumor  cells  to  che¬ 
motherapeutic  drugs  (21).  In  contrast,  cixutumumab-sen¬ 
sitive  lines  showed  obviously  decreased  levels  of  survi¬ 
vin.  These  findings  suggest  that  induced  expression  of 
EGFR,  Aktl,  and  survivin  protein  provide  cixutumumab- 
resistant  cell  lines  with  ability  to  proliferate  after  the  drug 
treatment. 

mTOR  pathway  induces  de  novo  EGFR  and  Akt 
protein  synthesis 

We  assessed  the  mechanisms  of  cixutumumab-medi- 
ated  increase  in  EGFR  and  Aktl  protein  expression  using 
LN686  and  FADU  cells  grown  in  PCPs.  No  detectable 
changes  were  observed  in  EGFR  and  Aktl  mRNA  levels 
(Fig.  3A),  suggesting  cixutumumab-induced  posttran- 
scriptional  upregulation  of  EGFR  and  Akt  expressions  in 
the  drug-resistant  cells.  Therefore,  we  monitored  the 
kinetics  of  cixutumumab-induced  phosphorylation  of 
EGFR,  Akt,  and  mTOR  in  cixutumumab-resistant  LN686 
cells.  Cixutumumab  (25  pg/mL)  induced  decreases  in 
pIGF-lR,  pAkt,  and  pERKl/2  levels  as  early  as  30  minutes 
after  treatment  (Fig.  3B).  However,  pAkt  induction  was 
evident  after  1  hour  of  cixutumumab  treatment,  followed 
by  delayed  increases  in  pEGFR  and  survivin  expressions 
after  1  day.  Obvious  increases  in  EGFR  and  Aktl  protein 
expressions  were  observed  after  3  days  treatment  of  the 
drug.  Given  the  role  of  Akt/ mTOR  pathway  in  protein 
synthesis,  we  determined  effects  of  cixutumumab  on 
EGFR  and  Aktl  protein  synthesis  rates  by  metabolically 
labeling  LN686  cells  with  [35S]  Met-Cys.  As  shown  in  Fig. 
3C,  the  [35S]-labeled  EGFR  and  Aktl  synthesis  rate  was 
remarkably  higher  in  cixutumumab-treated  LN686  cells 
than  in  untreated  cells.  In  contrast,  Akt2  and  Akt3  protein 


synthesis  was  not  detectably  affected  by  cixutumumab 
treatment.  We  further  confirmed  cixutumumab-induced 
de  novo  synthesis  of  EGFR  and  Aktl  proteins  was  pre¬ 
vented  by  combined  treatment  with  rapamycin,  an  mTOR 
inhibitor.  Together,  these  findings  suggest  that  inhibition 
of  cixutumumab  of  IGF-1R  signaling  resulted  in  initial 
activation  of  the  Akt/mTOR  pathway  followed  by 
increased  synthesis  of  EGFR  and  Akt  proteins,  leading 
to  activation  of  the  EGFR  pathway  in  cixutumumab-resis¬ 
tant  cells. 

Cotargeting  IGF-1R  and  mTOR  or  EGFR  enhances 
antitumor  activity  of  cixutumumab  in  cixutumumab- 
resistant  cells 

We  next  asked  whether  increased  AKT  / mTOR  activity 
compensates  for  loss  of  IGF-1R  signaling  by  increasing 
EGFR  and  Aktl  protein  synthesis  and  thus  EGFR  signal¬ 
ing  activation.  To  this  end,  we  tested  the  effects  of  single  or 
combined  treatment  with  cixutumumab  and  rapamycin, 
an  mTOR  inhibitor  on  proliferation  of  cixutumumab- 
resistant  cells  grown  in  PCPs.  Rapamycin  (1  pmol/L) 
induced  a  complete  suppression  of  10%  FBS-induced 
phosphorylation  of  mTOR  after  6  hours  of  treatment 
(Supplementary  Fig.  S3A)  and  significant  decrease  in  cell 
proliferation  after  3  days  treatment  (Supplementary  Fig. 
S3B).  The  rapamycin  treatment  inhibited  mTOR  and 
p70S6K  phosphorylation  in  both  cixutumumab-resistant 
(LN686,  SqCC/Yl)  and  cixutumumab-sensitive  (OSC19, 
H1299)  cells  (Fig.  4A).  Rapamycin  is  known  as  an  allo¬ 
steric  inhibitor  of  mTORCl  (22),  and  p70S6  kinase  is  a 
major  effector  of  the  of  mTOR  phosphorylation  (Ser2448; 
ref.  23),  suggesting  that  inactivation  of  p70S6  kinase  by 
rapamycin  via  mTOR  regulation  led  to  dephosphoryla¬ 
tion  of  mTOR.  Synergistic  antiproliferative  effect  was 
found  in  cixutumumab-resistant  cells  treated  with  cixu¬ 
tumumab  and  rapamycin  combination  compared  with 
those  treated  with  each  single  agent  (Fig.  4B  and  Supple¬ 
mentary  Table  SI).  Moreover,  the  cotreatment  showed 
significantly  enhanced  caspase-3/CPP32  activity  and 
PARP  and  caspase-3  cleavages  in  these  cells  (Fig.  4C). 
Treatment  with  rapamycin  also  prevented  cixutumumab- 
induced  increases  in  EGFR  and  Akt.  The  cotreatment 
suppressed  basal  as  well  as  cixutumumab-induced  upre¬ 
gulation  of  pEGFR,  survivin,  pAkt,  and  pmTOR  expres¬ 
sions  with  no  detectable  impact  in  protein  levels  of  mTOR 
in  these  cells  (Fig.  4D),  suggesting  that  inactivation  of 
mTOR  inhibits  cixutumumab-induced  activation  of  Akt/ 
mTOR  pathway  and  de  novo  EGFR  and  Akt  protein 
expressions,  resulting  in  restoration  of  apoptotic  activity 
of  cixutumumab  in  the  drug-resistant  cell  lines. 

We  next  tested  the  effects  of  single  or  combined  treat¬ 
ment  with  cixutumumab  and  C225,  an  EGFR-neutralizing 
antibody,  on  proliferation  of  cixutumumab-resistant  cells 
grown  in  PCPs.  C225  treatment  (25  pg/mL)  induced  a 
complete  suppression  of  10%  FBS-  or  EGF  (100  ng/mL)- 
stimulated  EGFR  phosphorylation  after  6  hours  (Supple¬ 
mentary  Fig.  S4A)  and  a  significant  decrease  in  cell 
proliferation  after  3  days  of  treatment  (Supplementary 
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Figure  3.  Cixutumumab  induced  the 
activities  and  expression  levels  of 
EGFR  and  Akt  is  through  mTOR- 
mediated  protein  synthesis.  A,  RT- 
PCR  analysis  of  LN686  and  FADU 
cells  grown  in  PCPs  in  the  presence 
of  vehicle  (Con)  or  cixutumumab 
(Cixu)  for  3  days.  B,  LN686  cells 
grown  in  PCP  were  treated  with 
cixutumumab  in  the  absence  of 
FBS  for  indicated  time  period  and 
then  stimulated  with  10%  FBS  for 
30  minutes  before  harvest.  The 
indicated  proteins  were  detected  by 
Western  blot  analysis.  C,  LN686 
cells  grown  in  PCP  in  the  presence 
of  vehicle  (Con)  or  cixutumumab 
(Cixu)  with  or  without  rapamycin 
(Rapa)  or  3  days  were  metabolically 
pulse-labeled  with  trans  35S- 
methionine  and  cysteine  and  then 
chased  with  media  containing 
methionine  and  cysteine  for  the 
indicated  time  periods. 
Immunoprecipitation  was  done 
using  antibodies  against  EGFR, 

Aktl ,  Akt2,  and  Akt3.  Densitometry 
was  done  to  quantify  the  density  of 
each  band  compared  with  that  at 
time  0  hour.  Student  t  test,  average 
±  SD;  n  =  3.  *,  P  <  0.05  and 
**,  P  <  0.01.  RU,  relative  unit. 


Fig.  S4B).  The  C225  treatment  led  to  decreases  in  pEGFR, 
EGFR,  and  pAkt  expressions  in  both  cixutumumab-resis- 
tant  and  cixutumumab-sensitive  NSCLC  and  HNSCC 
cells,  with  no  effects  on  pIGF-lR,  IGF-1R,  and  IR  expres¬ 
sions  (Fig.  5A).  The  addition  of  C225  prevented  a  cixutu- 
mumab-induced  increase  in  EGFR  and  Akt  protein 
expressions  in  cixutumumab-resistant  cells  (Fig.  5B).  Fur¬ 
thermore,  the  C225  treatment  completely  blocked  cixutu- 
mumab-induced  phosphorylation  of  EGFR,  Akt,  and 
mTOR  in  the  presence  of  FBS  (Fig.  5B)  or  IGF-1  (Supple¬ 
mentary  Fig.  S5).  Combined  treatment  with  cixutumumab 


and  C225  induced  synergistically  enhanced  antiprolifera¬ 
tive  activities  (Fig.  5C,  top.  Supplementary  Table  SI)  with 
increased  apoptosis,  as  shown  by  increased  caspase-3/ 
CPP32  activity  (Fig.  5C,  bottom)  and  PARP  cleavage 
(Fig.  5B,  Supplementary  Fig.  S4),  indicating  that  reduced 
cell  viability  by  the  cotreatment  was  due  to  increased  cell 
death.  We  also  observed  that  cixutumumab-resistant 
cells  grown  in  soft  agar  showed  synergistically  increased 
sensitivity  to  the  cotreatment  than  to  the  single  treatment 
(Fig.  5D,  Supplementary  Table  S2).  Enhanced  apoptosis 
was  also  observed  after  cotreatment  with  cixutumumab 
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Figure  4.  The  combination  between  cixutumumab  and  rapamycin  exhibits  synergistic  effects  on  cell  viability  and  caspase-3  activity  in  HNSCC.  A,  Western  blot 
on  the  regulation  of  mTOR  and  p70S6K  by  rapamycin  treatment  in  cixutumumab-resistant  (LN686  and  SqCC/YI)  and  cixutumumab-sensitive  (OSC19  and 
HI  299)  cells.  Cells  were  treated  with  vehicle  (Con)  or  rapamycin  for  3  days  in  PCPs  and  stimulated  with  10%  FBSfor30  minutes.  BandC,  LN686  and  SqCC/YI 
cells  grown  in  PCP  were  treated  with  cixutumumab  in  the  presence  (gray  columns)  or  absence  (black  columns)  of  rapamycin  for  3  days  and  then  cell  viability 
and  caspase-3/CPP32  activity  was  measured.  Student  f  test,  average  ±  SD;  n  =  6.  **,  P<  0.001 .  RU,  relative  unit.  D,  LN686  and  SqCC/YI  cells  were  treated 
with  cixutumumab,  rapamycin,  or  their  combination  in  PCPs  for  3  days  and  stimulated  with  1 0%  FBS.  Cell  lysates  were  analyzed  by  Western  blot. 


with  LY294002  (PI3K /  Akt  inhibitor)  or  erlotinib  (an  EGFR 
TKI;  Supplementary  Fig.  S6).  These  findings  suggest  that, 
when  the  IGF-1R  pathway  is  inactivated  by  cixutumu¬ 
mab,  the  Akt/ mTOR  pathway-derived  EGFR  activation 
by  the  drug  provides  an  alternative  proliferation  or  sur¬ 
vival  signaling. 

Effects  of  cixutumumab,  C225,  rapamycin,  and  their 
combinations  on  the  growth  of  cixutumumab- 
resistant  HNSCC  xenograft  tumors 

To  determine  whether  EGFR  and  mTOR  signaling  inhi¬ 
bition  enhances  antitumor  activity  of  cixutumumab  in 
vivo,  we  tested  the  effects  of  cixutumumab,  rapamycin, 
and  C225  alone  or  in  combination  on  the  growth  of 
cixutumumab-resistant  LN686  xenograft  tumors  estab¬ 


lished  in  nude  mice.  Single  treatment  of  cixutumumab 
with  10  mg/kg  (once  a  week;  Fig.  6A,  left)  or  with  higher 
doses  (25  or  50  mg/kg,  twice  a  week;  data  not  shown) 
showed  modest  effects  on  the  tumor  growth.  Significant 
smaller  tumors  were  found  in  mice  treated  with  cixutu¬ 
mumab  and  rapamycin  or  C225  than  those  in  control  mice 
and  in  mice  treated  with  single  agent  alone  (Fig.  6A). 
Cixutumumab  treatment  alone  or  in  combination  with 
rapamycin  did  not  exhibit  significant  toxic  effects,  includ¬ 
ing  weight  loss  (data  not  shown).  Western  blot  analysis  on 
the  tumor  tissues  revealed  that  Akt,  mTOR,  and  EGFR 
activity  was  effectively  blocked  by  combined  treatment 
with  cixutumumab  and  rapamycin,  or  with  cixutumumab 
and  C225  (Fig.  6B).  In  addition,  cixutumumab  and  C225 
or  rapamycin  led  to  increased  levels  of  terminal 
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Figure  5.  The  cotreatment  with  cixutumumab  and  C225  exerts  synergistic  effects  on  colony  formation  and  caspase-3  activity.  A  and  B,  Western  blot  on  the 
indicated  cixutumumab-resistant  and  cixutumumab-sensitive  cells  treated  with  vehicle  (-),  C225,  cixutumumab,  or  their  combination  for  3  days  and 
stimulated  with  1 0%  FBS.  C,  viability  and  caspase-3/CPP32  activity  were  measured  in  the  indicated  cells  grown  in  PCPs  with  indicated  doses  of  cixutumumab 
in  the  presence  (gray  columns)  or  absence  (black  columns)  of  C225  for  3  days.  Student  t  test,  average  ±  SD;  n  =  6.  **,  P  <  0.001 .  RU,  relative  unit.  D,  the 
indicated  cell  lines  grown  in  soft  agar  were  treated  with  cixutumumab,  C225,  or  their  combination.  Colonies  were  stained  and  then  counted.  Student  t  test, 
average  ±  SD;  n  =  6.  *,  P  <  0.05  and  **,  P  <  0.01  (left).  Representative  images  are  shown  in  the  right. 
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Figure  6.  The  cotargeting  IGF-1 R  and  mTOR  or  EGFR  exhibits  potent  antitumor  properties  in  vivo  in  HNSCC.  A,  mice  bearing  LN686  xenograft  tumors  were 
administrated  with  vehicle  (control),  cixutumumab,  C225,  rapamycin,  or  their  combination.  Tumors  were  measured  every  3  days.  Results  are  expressed  as 
mean  tumor  volume  (calculated  from  8  mice)  relative  to  the  tumor  volume  at  day  0.  Student  t  test,  average  ±  SE;  n  8. *,P<  0.05  and  **,P<  0.001 .  B,  Western 
blot  analysis  on  the  expression  of  pAkt,  pEGFR,  pmTOR,  and  actin.  C,  TUN  EL  staining  of  the  xenografts  tissues.  D,  schematic  model  of  resistance  mechanism 
to  cixutumumab. 

deoxynucleotidyl  transferase-mediated  dUTP-biotin  and  rapamycin  or  C225  enhances  in  vivo  antitumor  activ- 
nick-end  labeling  (TUNEL)  staining  (Fig.  6C).  These  find-  ity  by  decreasing  cixutumumab-induced  Akt,  mTOR,  and 

ings  suggest  that  combined  treatment  with  cixutumumab  EGFR  activity  and  by  inducing  apoptosis. 
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Discussion 

In  this  study,  we  show  that  (i)  blocking  IGF-1R  signaling 
by  cixutumumab  induces  activation  of  EGFR  signaling  in 
cixutumumab-resistant  HNSCC  and  NSCLC  cells 
through  Akt/ mTOR-mediated  de  novo  synthesis  of  EGFR 
and  Aktl,  leading  to  activation  of  the  EGFR  pathway;  (ii) 
activation  of  the  Akt/mTOR  pathway  also  results  in 
induction  of  survivin  protein  expression,  contributing  to 
increase  in  antiapoptotic  potential  in  the  cixutumumab- 
resistant  cells;  and  (iii)  blocking  the  mTOR  or  EGFR 
signaling  pathway  restores  proapoptotic  activity  of  cix¬ 
utumumab  in  HNSCC  cells,  both  in  vitro  and  in  vivo  (Fig. 
6D).  These  results  provide  a  first  mechanistic  evidence  for 
a  cross-talk  between  the  IGF-1R  and  the  EGFR  signaling 
pathways  as  a  consequence  of  cixutumumab-mediated 
inactivation  of  the  IGF-1R  signaling.  Overall,  these  find¬ 
ings  suggest  that  Akt/ mTOR-mediated  synthesis  of  pro¬ 
teins  involved  in  cell  proliferation  and  survival  is 
involved  in  resistance  of  HNSCC  and  NSCLC  cells  to 
anti-IGF-IR  mAbs,  indicating  the  potential  clinical  use 
of  cotargeting  IGF-IR  and  mTOR  as  well  as  cotargeting 
IGF-1R  and  EGFR  in  patients  with  HNSCC  or  NSCLC. 

IGF-IR-  and  IGF-lR/IR-targeting  drug  candidates, 
which  are  mainly  composed  of  anti-IGF-IR  mAbs  and 
small  molecule  inhibitors,  have  shown  a  variety  of  anti¬ 
tumor  activities  in  several  preclinical  studies  (24,  25). 
However,  the  clinical  response  rates  to  IGF-IR  mAbs, 
alone  and  with  chemotherapeutic  agents,  have  been  lower 
than  expected  (26).  To  develop  effective  anticancer  ther¬ 
apeutic  strategies  with  anti-IGF-1  R  mAbs,  we  determined 
the  mechanisms  that  induce  primary  resistance  to  the 
anti-IGF-IR  mAb  cixutumumab,  a  fully  humanized  IgGl 
mAb  that  is  being  clinically  evaluated  for  the  treatment  of 
several  cancers,  including  HNSCC  and  NSCLC  (14, 26).  It 
has  been  suggested  that  activation  of  the  IGF-IR  pathway 
after  EGFR  TKI  treatment  counteracted  the  antitumor 
activity  of  drugs  in  several  cancer  cell  types  (11-13). 
Conversely,  in  a  recent  report,  IGF-IR  inhibition  by  TKI 
promoted  EGFR  activation  (27).  Given  the  interplay  and 
considerable  functional  similarities  between  functions  of 
EGFR  and  IGF-IR,  we  hypothesized  that  switching  to 
EGFR  signaling  allows  cells  to  resist  cixutumumab  treat¬ 
ment.  Our  data  showed  that  cixutumumab  induced 
EGFR,  Akt,  and  mTOR  phosphorylation,  which  was  well 
correlated  with  resistance  of  HNSCC  and  NSCLC  cells  to 
cixutumumab  treatment.  Hence,  we  sought  to  identify  the 
pathways  involved  in  the  activation  of  the  EGFR  pathway 
in  HNSCC  and  NSCLC  cells  by  cixutumumab  treatment. 

Resistance  to  anticancer  drugs  has  been  associated  with 
genetic  alterations,  quantitative  protein  changes,  trunca¬ 
tion,  posttranslational  modification(s),  and  subcellular 
localization  of  selected  proteins  (28,  29).  For  example, 
EGFR  T790M  mutation,  c-MET,  and  K-Ras  gene  amplifi¬ 
cation,  loss  of  PTEN  expression,  and  c-MET  expression 
and  phosphorylation  have  been  suggested  to  cause  resis¬ 
tance  to  TKIs  of  EGFR  or  MET  (30-33).  However,  activa¬ 
tion  mutation  and  amplification  of  IGF-IR  have  not  been 


reported,  and  we  observed  no  detectable  changes  in  IGF- 
IR  mRNA  levels  after  drug  treatment.  Our  in  vitro  kinetic 
study  show  that  cixutumumab  treatment  induced  initial 
activation  of  the  Akt/mTOR  pathway,  followed  by 
increase  in  EGFR,  Aktl,  and  survivin  protein  levels  and 
EGFR  phosphorylation  in  drug-resistant  cells.  The 
induced  activation  of  the  Akt/mTOR  pathway  seemed 
to  increase  survivin  expression  in  cixutumumab-resistant 
cells.  The  Akt/mTOR  pathway  plays  a  major  role  in 
regulating  the  translation  of  mRNA  subsets,  many  of 
which  encode  for  proteins  involved  in  cell  proliferation, 
growth,  and  angiogenesis  (34).  We  previously  showed 
that  treatment  with  EGFR  TKIs  results  in  mTOR-mediated 
de  novo  synthesis  of  EGFR  and  survivin  proteins,  protect¬ 
ing  NSCLC  cells  from  antiproliferative  effects  of  EGFR 
TKIs  (12).  It  is  plausible  that  cixutumumab-induced 
increase  in  Akt/ mTOR  activities  could  have  contributed 
to  resistance  to  the  drug  through  increased  expression  of 
EGFR  signaling  components  and  antiapoptotic  protein, 
compensating  for  loss  of  the  IGF-IR  pathway.  Indeed, 
blocking  mTOR  activity  suppressed  synthesis  of  these 
proteins  and  restored  apoptotic  activity  of  cixutumumab 
in  cixutumumab-resistant  HNSCC  cells  both  in  vitro  and 
in  vivo.  These  findings  suggest  that  the  ability  of  HNSCC 
and  NSCLC  cells  to  resist  EGFR-  and  IGF-lR-targeting 
agents  and  adapt  to  a  stressful  environment  is,  at  least  in 
part,  from  their  capacity  to  stimulate  mTOR-mediated 
protein  synthesis  involved  in  cell  proliferation  and  sur¬ 
vival.  In  this  study,  we  did  not  determine  the  mechanism 
by  which  cixutumumab  treatment  induces  initial  activa¬ 
tion  of  the  Akt/mTOR  pathway.  Given  that  the  insulin 
receptor  (IR)  has  been  implicated  in  acquired  resistance  to 
anti-IGF-IR  therapeutic  agents,  IR  signaling  may  be  one 
such  pathway.  In  cell  cultures,  IR  downregulation  sup¬ 
pressed  cancer  cell  proliferation  and  metastasis  and 
reversed  cixutumumab  resistance,  and  inhibition  of  func¬ 
tion  of  IR  was  required  for  antitumor  activity  of  cixutu¬ 
mumab  in  a  mouse  neuroendocrine  tumor  model  (35, 36). 
Active  investigations  are  underway  to  determine  whether 
activation  of  IR  signaling  or  other  pathways  are  involved 
in  cixutumumab-mediated  initial  activation  of  the  Akt/ 
mTOR  pathway. 

Although  additional  mechanisms  underlying  activa¬ 
tion  of  EGFR  signaling  by  cixutumumab  should  be 
explored  (such  as  whether  upregulation  of  ligand,  avail¬ 
ability  of  adaptor  proteins,  or  changes  in  EGFR  confirma¬ 
tion  with  other  EGFR  family  members),  our  in  vitro  and  in 
vivo  results  provide  a  mechanistic  model  in  which  cixu¬ 
tumumab  stimulates  PI3K/ Akt,  resulting  in  mTOR-medi¬ 
ated  de  novo  protein  expression  of  EGFR  and  Aktl  pro¬ 
teins.  Increased  expressions  of  EGFR  and  Aktl  could  have 
been  involved  in  stimulation  of  the  EGFR  pathway,  and 
induced  expression  of  survivin  protein  could  have  pro¬ 
tected  HNSCC  and  NSCLC  cells  from  apoptosis.  This 
newly  identified  resistance  mechanism  against  IGF-IR 
mAbs  could  provide  new  avenues  for  therapeutic 
strategy.  First,  combination  regimens  of  EGFR  inhibitors 
and  IGF-IR  mAbs  may  be  effective  if  the  IGF-IR 
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overexpressing  tumors  have  high  levels  of  EGFR.  Indeed, 
inhibition  of  EGFR  activation  by  treatment  with  C225,  an 
anti-EGFR  mAb,  abolished  resistance  to  cixutumumab 
and  induced  apoptosis  in  cixutumumab-resistant  cells 
in  vitro  and  in  vivo.  Second,  a  combined  treatment  with 
mTOR  inhibitor  seems  to  benefit  IGF-1R  mAb-resistant 
patients.  It  is  well  known  that  mTOR  inhibition  activates 
PI3-K/Akt  by  upregulating  IGF-1R  signaling,  and  thera¬ 
peutic  inhibition  of  the  IGF-1R  pathway  as  a  strategy 
to  overcome  resistance  to  mTOR  inhibitor  has  been  sug¬ 
gested  in  a  variety  of  cancers,  including  HNSCC  (37, 38),  in 
which  mTOR  overexpression  has  been  observed  (39). 
Although  the  rationale  for  cotargeting  mTOR  and  IGF- 
1R/  Akt  is  different,  the  previous  findings  and  our  current 
results  support  the  hypothesis  that  combination  regimens 
of  mTOR  and  IGF-1R  inhibitors  could  be  better  therapeu¬ 
tically  for  the  treatment  of  IGF-1R  overexpressing  tumors 
with  high  levels  of  mTOR.  In  light  of  this  notion,  we  found 
that  combined  treatment  with  cixutumumab  and  rapamy- 
cin  suppressed  EGFR,  Akt  and  survivin  expression, 
decreased  proliferative  activities,  and  induced  apoptosis 
in  cixutumumab-resistant  cells  in  vitro  and  in  vivo. 

In  conclusion,  we  have  described  for  the  first  time  that 
the  Akt/ mTOR  pathway  has  a  specific  role  in  inducing 
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Abstract 

Sarcomatoid  non-small  cell  lung  cancer  (NSCLC)  is  an  uncommon  histologic  variant  that  has  not  been 
molecularly  well-characterized.  We  conducted  immunohistochemical  and  fluorescence  in  situ  hybridization 
studies  of  PDGF-B/PDGFR-b  on  archived  surgically  resected  specimens  and  showed  high  PDGFR-b  IHC 
expression  and  gene  copy  number  gain.  Further  studies  are  warranted  to  determine  whether  PDGFR-b  is  a 
feasible  therapeutic  target  in  this  population. 

Introduction:  Sarcomatoid  non-small  cell  lung  cancer  (NSCLC)  is  an  uncommon  histologic  variant  that  has  not  been 
molecularly  well-characterized.  We  hypothesized  that  the  PDGF-B/PDGF-Rj3  pathway  may  be  dysregulated  in  sarcoma¬ 
toid  lung  cancer.  Methods:  We  conducted  immunohistochemical  (IHC)  and  gene  copy  number  gain  studies  of  PDGF- 
B/PDGFR-j3  on  archived  surgically  resected  specimens,  43  sarcomatoid  NSCLCs  and  42  control  NSCLCs  that  were  age, 
gender  and  stage-matched.  Biomarkers  were  correlated  to  patient  demographics,  tumor  characteristics,  and  survival. 
Results:  Sarcomatoid  tumors  had  higher  PDGFR-j3  IHC  expression  than  control  NSCLC  (median  score  2.69  vs.  1 .93;  P 
<  0.0001).  No  difference  was  seen  between  the  two  groups  of  PDGF-B  IHC  expression;  and  neither  PDGF-B  nor 
PDGFR-j3  IHC  levels  correlated  with  gender,  age,  clinical  or  pathologic  TNM  status,  or  overall  survival.  PDGFRB  gene  copy 
number  was  evaluated  by  FISH  using  three  ways:  presence  of  amplification,  gene  copy  number  gain,  and  gene  copy  ratio 
between  tumor  and  normal  tissue.  PDGFRB  gene  copy  number  gain  was  associated  with  sarcomatoid  histology  (P  = 
0.006),  lower  clinical  and  pathologic  T-stage  (P  =  0.07,  P  =  0.048),  and  higher  pathologic  N-stage  (P  =  0.013). 
Sarcomatoid  NSCLC  patients  (P  =  0.006)  and  female  patients  (P  =  0.03)  had  higher  gene  copy  ratios  above  1 .83.  Higher 
PDGFR-j3  IHC  expression  in  tumor  cells  was  associated  with  gene  copy  number  gain  (P  =  0.021)  and  higher  gene  copy 
ratio  status  (P  =  0.005).  Conclusion:  This  is  the  first  study  to  demonstrate  high  PDGFR-j8  IHC  expression  and  gene  copy 
number  gain  in  sarcomatoid  NSCLC  tumors  and  suggests  that  further  studies  are  warranted  to  determine  whether 
PDGFR-j8  is  a  feasible  therapeutic  target  in  this  population. 

Clinical  Lung  Cancer,  Vol.  1 2,  No.  6,  369-74  ©  201 1  Elsevier  Inc.  All  rights  reserved. 

Keywords:  PDGFR-/3,  PDGFRB,  Sarcomatoid  NSCLC 


Introduction 

Sarcomatoid  non-small-cell  lung  cancer  (NSCLC)  is  a  rare  tumor 
variant  that  comprises  approximately  1 .5%  of  all  lung  cancers.1  Because 
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of  their  rare  incidence,  these  tumors  are  often  called  by  several  names 
such  as  spindle-cell  carcinoma,  carcinosarcoma,  giant-cell  carcinoma,  or 
sarcomatoid  carcinoma.  Sarcomatoid  NSCLCs  are  histologically  heter- 
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ogeneous  and  have  varying  levels  of  epithelial  and  mesenchymal  features. 
The  most  common  definition  of  sarcomatoid  NSCLC  consists  of  the 
tumor  containing  at  least  10%  sarcomatoid  features  based  on  immuno- 
histochemical  markers  and  histologic  appearance. 

Although  rare,  cases  involving  sarcomatoid  NSCLC  have  been  re¬ 
ported  to  have  more  aggressive  clinical  phenotypes  with  higher  recur¬ 
rence  rates  and  subsequently  worse  prognoses.2  This  aggressive  nature  is 
speculated  in  part  to  potentially  be  caused  by  augmented  angiogenesis,  as 
prior  studies  note  that  lung  metastases  from  sarcomas  have  higher  mi¬ 
crovessel  density  than  carcinomatous  metastases.3,4 

Platelet-derived  growth  factor  (PDGF)  and  receptor-/! 
(PDGFR-j3)  have  critical  roles  in  angiogenesis  and  tumor-cell  pro¬ 
liferation.  There  have  been  several  studies  in  resected  lung  cancer 
tumors  evaluating  PDGF  and  PDGFR  (a,  j8)  in  tumor  cells  and 
stroma.5"7  Although  these  studies  have  differed  in  opinion  on  the 
prognostic  significance  of  PDGF/  PDGFR-j8  immunohistochemis- 
try  in  unselected  NSCLC,  it  is  clear  that  the  pathway  has  a  role  in 
regulating  angiogenesis  via  potentiation  of  vascular  endothelial 
growth  factor.5"7  Given  the  hypothesis  that  sarcomatous  and  more 
aggressive  tumors  may  have  higher  requirements  of  angiogenesis  and 
that  some  studies  in  unselected  NSCLC  have  shown  prognostic  sig¬ 
nificance  for  PDGF-B/  PDGFR-|3,  we  sought  to  characterize  the 
presence  of  PDGFR-j3  expression  and  gene  copy  number  in  a  large 
series  of  resected  sarcomatoid  NSCLC. 

Material  and  Methods 

Tumor  Tissue  Specimens 

Archived  sarcomatoid  lung  cancer  cases  were  selected  from  a  re¬ 
view  of  the  University  of  Texas  M.D.  Anderson  Cancer  Center  Tho¬ 
racic  Tissue  Bank  from  1984  to  2004.  A  total  of  59  cases  were  iden¬ 
tified  and  43  tumor  blocks  had  adequate  tissue  to  perform  the 
analyses.  The  diagnosis  of  sarcomatoid  NSCLC  was  confirmed  by  an 
independent  histopathology  review  and  tissue  markers.  Comparison 
control  cases  were  selected  from  the  same  Thoracic  Tissue  Bank  and 
were  matched  to  the  sarcomatoid  NSCLC  patients  by  the  following 
characteristics:  age,  gender,  and  stage.  Equal  numbers  of  adenocar¬ 
cinoma  and  squamous-cell  carcinoma  were  chosen  and  will  be  sub¬ 
sequently  referred  to  as  the  control  NSCLC. 

Immunohistochemistry 

We  performed  standard  immunohistochemical  (IHC)  studies  of  the 
PDGF-B  ligand  and  PDGFR-/1  on  43  sarcomatoid  lung  cancers  and  42 
control  NSCLCs  that  had  been  surgically  resected.  Sarcomatoid  lung 
cancers  were  carefully  selected  and  the  IHC  studies  were  performed  on 
the  sarcomatoid  carcinoma  areas.  The  histology  sections  were  incubated 
with  primary  antibodies  against  PDGF-B  (N-30,  dilution  1:200,  Santa 
Cruz  Biotechnology,  Inc,  Santa  Cruz,  Calif)  and  PDGFR-J3  (P-20,  di¬ 
lution  1:300,  Santa  Cruz  Biotechnology,  Inc)  for  65  minutes  at  room 
temperature.  Tissue  sections  were  then  incubated  with  the  secondary 
antibody  (EnVision  Dual  Link+;  DAKO,  Carpinteria,  Calif)  for  30 
minutes,  after  which  diaminobenzidine  chromogen  was  applied  for  5 
minutes.  PDGF-B  and  PDGFR-j3  protein  expressions  were  measured 
from  three  different  areas  of  the  tumor  specimen  and  given  a  labeling 
score  (intensity  X  %  of  tumor  involvement).  The  average  of  the  three 
scores  was  assigned  to  each  tumor  specimen,  and  the  averages  were  cat¬ 
egorized  as:  low  (0-1),  intermediate  (>l-2),  or  high  (>2-3).  These  data 
were  correlated  to  clinical  information,  and  a  comparison  between  the 


Table  1  Patient  Demographics 

Patients 

Sarcomatoid  NSCLC 

NSCLC 

N  =  95 

N  =  43 

N  =  42 

Female  Gender 

43% 

43% 

Median  Age 

57 

57 

Histology 

Adenocarcinoma 

N/A 

21 

Squamous-Cell  Carcinoma 

N/A 

21 

Stage 

1 

10 

5 

II 

18 

18 

III 

12 

19 

IV 

3 

0 

T1 

4 

5 

T2 

14 

18 

T3 

19 

19 

T4 

6 

0 

NO 

30 

30 

N1 

5 

8 

N2 

8 

3 

N3 

0 

1 

M0 

40 

42 

Ml 

3 

0 

two  populations  was  completed.  IHC  expression  was  evaluated  in  the 
tumor  cells,  vasculature,  and  stroma. 

Fluorescence  In  Situ  Hybridization  for  Analysis  of  Gene 
Copy  Number 

In  addition,  the  PDGFRB  gene  copy  number  was  evaluated  in 
tumor  tissue.  We  analyzed  the  gene  copy  number  per  cell  using  a 
dual-color  fluorescence  in  situ  hybridization  (FISH)  assay.  Sarcoma¬ 
toid  lung  cancers  were  carefully  selected  and  the  FISH  studies  for 
gene  copy  number  analyses  were  performed  on  the  sarcomatoid  car¬ 
cinoma  areas.  The  PDGFRB  probe  was  prepared  from  the  Vysis  LSI 
CSF1R  probe  (5q33-34)  SpectrumOrange  (Abbott  Molecular,  Ill). 
A  similar  probe  Vysis  LSI  D5S23,  D5S721  SpectrumGreen  Probe 
mapping  to  chromosome  5p  was  used  as  an  internal  control.  The 
4-/um  thick  sections  were  incubated  from  2  hours  to  overnight  at 
56°C,  deparaffinized  in  Citri-Solv  (Fisher,  Waltham,  Mass)  and 
washed  in  100%  ethanol.  The  slides  were  sequentially  incubated  in 
2x  saline-sodium  citrate  buffer  (SSC)  at  75°C  for  18  to  23  minutes, 
digested  in  0.5mg/mL  proteinase  K/2x  SSC  at  45°C  for  18  to  23 
minutes,  washed  in  2x  SSC  for  5  minutes,  and  dehydrated  in 
ethanol.  DNA  denaturation  was  performed  for  15  minutes  at 
85°C  and  hybridization  was  allowed  to  occur  at  37°C  for  36  to  48 
hours.  Chromatin  was  counterstained  with  4’,6-diamidino-2- 
phenyldole  (0.3  /zg/mL  in  Vectashield  mounting  medium;  Vec¬ 
tor  Laboratories,  Burlingame,  Calif).  Gene  copy  number  analysis 
was  performed  in  approximately  50  nuclei  per  tumor  in  at  least 
four  areas,  and  the  selection  of  the  area  was  guided  by  the  hema- 
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Figure  1  Representative  Microphotographs  of  Two  Sarcomatoid  Lung  Carcinomas.  (A)  Pleomorphic  Subtype,  and  (D)  Giant  Cell 

(Hematoxilyn-Eosin  Stain)  With  Strong  Cytoplasmic  Expression  of  PDGF-B  (B,  E\  Black  Arrows)  and  PDGFR-/3  (C,  F:  Blue 
Arrows)  in  Highly  Atypical  Malignant  Cells.  Tumor  Stromal  Cells  and  Blood  Vessel  Endothelial  Cells  Show  PDGFR-/8  IHC 
Expression  (Red  Arrow/).  (Original  Magnification  x  200.) 
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toxylin-and-eosin— stained  section.  The  PDGFRB  gene  copy 
number  was  evaluated  using  three  methods:  (1)  gene  amplifica¬ 
tion,  defined  as  presence  of  loose  or  tight  gene  cluster  or  PDGFRB 
gene  to  centromeric  probe  5  radio  £2;  (2)  copy  number  gain, 
defined  as  &4  copies  in  >40%  cells  or  presence  of  gene  amplifi¬ 
cation;  and,  (3)  the  gene  copy  ratio  between  tumor  and  normal 
cells.  The  definition  of  gene  copy  number  gain  (>  4  copies  in 
>  40%  of  cells)  was  established  in  a  prior  publication  by  Varella- 
Garcia  et  al.8 

Statistical  Analysis 

Biomarker  expression  was  correlated  to  patient  demographics,  tu¬ 
mor  characteristics,  and  overall  survival.  Control  NSCLC  tumor 
specimens,  which  consisted  of  equal  numbers  of  adenocarcinoma 
and  squamous-cell  carcinoma,  were  age-,  gender-,  and  stage- 
matched  to  the  archived  sarcomatoid  specimens.  The  PDGFRB  gene 
copy  number  was  evaluated  using  presence  of  amplification,  FISH 
positivity,  and  the  gene  copy  ratio  between  tumor  and  normal  tissue. 
Demographic  and  IHC  outcomes  were  summarized  using  mean, 
standard  deviation,  range  if  continuous,  or  using  frequency  tables 
and  percentages  if  categorical.  Comparisons  of  raw  IHC  outcomes 
between  patient  groups  were  performed  using  the  Wilcoxon  rank 
sum  test.  Comparisons  of  categorized  IHC  outcomes  between  pa¬ 
tient  groups  were  performed  using  the  Fisher  exact  test.  Overall  sur¬ 
vival  was  estimated  using  the  Kaplan-Meier  curves.  Comparisons  of 
overall  survival  between  patient  groups  were  made  using  the  log-rank 
test.  All  tests  were  two-sided  and/3  values  of  .05  or  less  were  consid¬ 
ered  statistically  significant.  Statistical  analysis  was  performed  using 
SAS  version  9  (SAS  Institute,  Cary,  NC). 


Figure  2  Box  Plots  Showing  the  Distribution  of  Biomarkers 
by  Histologic  Subtype  NSCLC  Versus  Sarcomatoid 
Lung  Cancer.  The  White  Cross  Showing  the  Mean 
Immunohistochemical  (IHC)  Score  and  the  White 
Bar  Indicating  the  Median  IHC  Score  by  (A)  a 
Statistically  Significant  Difference  by  Wilcoxon  Rank 
Sum  Test  in  PDGFR/8  IHC  (P  <  .0001)  and  no 
Significant  Difference  in  (B)  PDGF-B  IHC  (P  =  .16) 


Patient  Group 


Patient  Group 
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Table  2  Overall  and  Progression-Free  Survival  Results  by  PDGFR-/3  IHC  Biomarker  Results9 


Patient 

PDGFR/8 

N 

Median  OS 

2-year  OS 

5-year  OS 

P 

Median  PFS 

2-year  PFS 

5-year  PFS 

P 

Population 

IHC  Level 

(mo) 

Rate  (%) 

Rate  (%) 

Value 

(mo) 

Rate  (%) 

Rate  (%) 

Value 

All  Patients 

Low 

35 

33.6 

59 

43 

.36 

18.0 

41% 

41% 

.29 

Intermediate 

27 

25.9 

51 

30 

9.6 

35% 

18% 

High 

21 

10.1 

41 

41 

4.9 

40% 

40% 

Sarcomatoid 

Low 

4 

61.8 

59 

43 

.48 

59.7 

41% 

41% 

.73 

Intermediate 

20 

35.3 

51 

30 

8.1 

35% 

18% 

High 

19 

9.7 

41 

41 

4.9 

40% 

40% 

Control 

NSCLC 

Low 

31 

33.6 

97 

88 

.39 

18.2 

91% 

85% 

.22 

Intermediate 

7 

13.3 

100 

88 

9.6 

96% 

78% 

High 

2 

n/a* 

81 

76 

n/a* 

80% 

50% 

“No  patients  have  died  yet  and  median  survival  results  cannot  be  obtained. 


Figure  3  Representative  Microphotographs  of  Two  Sarcomatoid  Lung  Carcinomas  Examined  by  FISH  Showing  Normal  PDGFRB 
Copies  (A)  and  Gene  Amplification  ( B)  in  Malignant  Cells.  (Original  Magnification  x  1,000.)  Red  Signals  (White  Arrows) 
Represent  PDGFRB  Gene  Copies  and  Green  Signals  (Green  Arrows)  Represent  the  Chromosome  5  Centromeric  Probe. 
(Cell  Nuclei  Stained  With  4’,6-diamidino-2-phenyldole.) 


Results 

Patient  Demographics 

The  median  age  was  57,  and  women  comprised  43%  of  each 
group.  There  was  no  significant  difference  in  T  and  N  stage  be¬ 
tween  the  two  groups,  but  three  sarcomatoid  patients  had  Ml 
disease  (Table  1). 

PDGF-B  and  PDGFR-fi  Immunohistochemical 
(IHC)  Results 

PDGF-B/PDGFR-J3  IHC  expression  was  evaluated  in  tumor 
cells,  vasculature,  and  in  the  stroma.  There  was  no  significant  differ¬ 
ence  in  IHC  expression  of  PDGF-B  or  PDGFR-j3  between  sarcoma¬ 
toid  or  the  control  NSCLC  in  the  vasculature  or  stroma.  However, 
sarcomatoid  lung  carcinoma  tumor  cells  had  higher  expression  of 
PDGFR-J3  than  NSCLC  tumors  (median  score,  2.69  versus  1.93; 
P  <  .0001),  with  91%  of  sarcomatoid  lung  tumors  having  interme¬ 
diate  or  high  PDGFR-j3  staining  compared  to  24%  of  NSCLCs  ( P  < 


.0001).  This  analysis  was  conducted  using  the  Wilcoxon  rank  sum 
test  and  treated  the  IHC  results  as  a  continuous  variable  and  by 
Fisher  exact  test  where  the  IHC  scores  were  grouped  into  low  (0  - 
<  1 ),  intermediate  (>l-<2),  and  high  (>23)  scores  (Figs  1  and  2). 
There  was  no  difference  in  IHC  expression  of  ligand  PDGF-B 
between  the  two  tumor  groups  when  evaluating  the  scores  as  a 
continuous  variable  (2  versus  2.1,  P  =  .16).  Also,  there  was  no 
difference  in  PDGFR-j8  IHC  expression  between  the  various  his¬ 
tologic  patterns  of  sarcomatoid  lung  tumors  (ie,  giant-cell,  pleo¬ 
morphic,  spindle-cell). 

Neither  PDGF-B  nor  PDGFR-j8  IHC  tumor  levels  correlated 
with  gender,  age,  TNM  status,  or  overall  pathologic  stage  of  tumor  in 
either  the  sarcomatoid  or  control  populations.  After  a  median  fol¬ 
low-up  time  of  1.4  years,  PDGF-B  and  PDGFR-j8  IHC  levels  in  the 
tumor  cells  did  not  significantly  impact  overall  or  progression-free 
survival  in  either  population;  however,  a  numerical  trend  was  seen 
between  low  PDGFR-j3  IHC  expression  and  improved  median  over- 
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Table  3  Overall  and  Progression-Free  Survival  Results  by  PDGFR  Copy  Number  Gain  Biomarker  Results 


Patient  Population 

PDGFR  Copy  Number 

N 

Median  OS 

2-Year  OS 

5-Year  OS 

P 

Median  PFS 

2-Year  PFS 

5-Year  PFS 

P 

Gain 

(mo) 

Rate  (%) 

Rate  (%) 

Value 

(mo) 

Rate  (%) 

Rate  (%) 

Value 

All  Patients 

Positive 

14 

39.1 

55 

N/Aa 

.82 

10.1 

46 

N/Aa 

.77 

Negative 

55 

25.5 

50 

40 

11.5 

38 

33 

Sarcomatoid 

Positive 

12 

14.3 

55 

N/Aa 

.66 

7.2 

46 

N/Aa 

.58 

Negative 

24 

25.9 

50 

40 

9.7 

38 

33 

Control  NSCLC 

Positive 

2 

N/Aa 

86 

79 

.31 

N/Aa 

77 

69 

.3 

Negative 

31 

22.4 

96 

85 

12.1 

93 

76 

aNo  patients  have  died  yet  and  a  median  survival  results  cannot  be  obtained. 


all  and  progression-free  survival  (Table  2).  When  comparing  overall 
survival  between  the  two  populations,  patients  with  stage  2  sarcoma¬ 
toid  lung  tumors  had  a  trend  toward  worse  survival  than  stage  2 
NSCLC  patients  (P  =  .066). 

PDGFRB  Gene  Copy  Number 

The  PDGFRB  gene  copy  number  was  evaluated  using  FISH  for 
the  presence  of  amplification,  gene  copy  number  gain,  and  the  gene 
copy  ratio  between  tumor  and  normal  tissue  (Fig  3).  Gene  copy 
number  gain  was  defined  as  £4  gene  copies  in  >40%  cells  or  pres¬ 
ence  of  gene  amplification.8  We  identified  PDGFRB  gene  amplifica¬ 
tion  in  six  patients  with  sarcomatoid  histology  and  only  two  in  the 
control  NSCLC  group  (P  =  .26).  Six  additional  patients  with  sarco¬ 
matoid  NSCLC  histology  had  >  4  gene  copies  in  more  than  40%  of 
cells  compared  to  none  in  the  control  NSCLC  group.  These  patients 
were  more  likely  to  have  advanced  nodal  N2  disease  (P  =  .0006). 
Thus,  there  were  1 2  patients  with  sarcomatoid  histology  who  had  the 
PDGFRB  gene  copy  number  gain  compared  to  two  patients  in  the 
NSCLC  control  group  (P  =  .006). 

PDGFRB  gene  copy  number  gain  was  associated  with  sarcomatoid 
histology  (P  =  .006),  lower  clinical  and  pathologic  T  stage  (P  =  .07, 
P  =  .048),  and  higher  pathologic  N  stage  (P  =  .013).  Sarcomatoid 
NSCLC  patients  had  higher  gene  copy  ratios  (greater  than  1.83) 
compared  to  the  control  NSCLC  patients  (25  patients  versus  9  pa¬ 
tients,  P  =  .0004).  Female  patients  also  had  higher  gene  copy  ratios 
compared  to  men  (P  =  .03).  There  was  no  significant  association 
between  PDGFRB  gene  copy  number  gain  and  other  histologic  sub- 
types  of  NSCLCs  (ie,  adenocarcinoma,  squamous-cell  carcinoma). 
There  was  no  correlation  between  gene  copy  number  gain  and  overall 
or  progression-free  survival  outcomes  (Table  3). 

High  PDGFR-j8  IHC  protein  expression  in  tumor  cells  was 
associated  with  gene  copy  number  gain  (P  =  .021)  and  higher 
gene  copy  ratio  (tumor  versus  normal)  status  (P  =  .005).  This 
association  was  identified  when  evaluating  the  IHC  scores  as  a 
continuous  variable  and  also  with  the  low,  intermediate,  and  high 
cut-offs.  There  was  also  a  trend  towards  higher  gene  copy  ratio 
correlating  to  a  higher  IHC  expression  of  PDGFR-/3  in  the 
stroma  (P  =  .048). 

Discussion 

Sarcomatoid  NSCLC  is  a  rare  histologic  variant,  yet  it  appears  to 
have  a  more  aggressive  phenotype,9^17  with  one  prior  study  reporting 
a  worse  5-year  overall  survival  rate  (24.5%  versus  46.3%,  P  =  .01) 


and  shorter  time  to  recurrence  compared  to  stage-matched  NSCLC.2 
Because  of  the  rarity  of  sarcomatoid  NSCLC,  there  have  been  few 
tissue-based  studies  evaluating  tumor  biomarkers  and  controversial 
results  regarding  the  natural  history  of  this  disease.3'5'18  However, 
this  variant  clearly  has  a  unique  biology  and  as  treatment  options  are 
limited  in  the  metastatic  setting,  identifying  targets  for  systemic  ther¬ 
apy  is  essential. 

There  have  been  some  retrospective  studies  evaluating  PDGF 
(various  isoforms)/  PDGFR  (a,  j8)  in  NSCLC  tumor  tissue  and  cell 
lines5’6, 1 9  which  have  suggested  that  NSCLC  tumor  cells  that  express 
PDGF  had  a  worse  prognosis.  However,  most  prior  studies  report 
that  NSCLC  tumor  cells  do  not  express  PDGFR  (a,  j8)  and  that  the 
receptors’  expression  is  reserved  in  the  surrounding  vasculature  and 
stroma.6  An  exception  to  these,  Donnem  et  al5  reported  that 
PDGFR-a  expression  in  NSCLC  had  a  negative  prognostic  effect 
for  disease-specific  survival.  However,  none  of  the  prior  studies 
have  evaluated  PDGFR  in  the  unique  sarcomatoid  histologic  vari¬ 
ant  of  NSCLC.  We  are  the  first  to  report  in  this  present  study  that 
PDGFR-J8  expression  is  highly  upregulated  in  sarcomatoid  NSCLC 
tumors  and  that  it  is  associated  with  high  PDGFRB  gene  copy  num¬ 
ber  when  compared  to  control  NSCLC.  This  is  consistent  with  a 
prior  hypothesis  that  sarcomatoid  variants  of  epithelial  tumors  may 
require  enhanced  angiogenesis  to  promote  their  aggressive 
phenotype.3,4 

The  implications  of  this  finding  suggest  that  anti-angiogenic  ther¬ 
apy,  specifically  PDGFR  inhibitors,  may  be  of  significance  in  the 
treatment  of  sarcomatoid  NSCLC.  McDermott  et  al20  recently  iden¬ 
tified  lung  and  sarcoma  cell  lines  that  were  highly  sensitive  to  a 
PDGFR  kinase  inhibitor  and  had  focal  gene  amplification  of  PDG- 
FRA  gene  and  the  PDGFC  gene.  There  appeared  to  be  co-depen¬ 
dency  of  PDGFC  activation  of  PDGFRA  and  RNA  interference  of 
either  protein  prevented  cell  proliferation.  As  there  may  be  a  direct 
anti-tumor  effect  with  PDGFR  inhibition  for  sarcomatoid  tumors, 
PDGFR  inhibition  has  also  been  hypothesized  to  decrease  tumor 
interstitial  fluid  pressure  and  potentially  enable  increased  chemo¬ 
therapy  uptake.21 

The  lack  of  correlation  of  higher  PDGFR-jS  IHC  and  copy  num¬ 
ber  to  overall  survival  outcome  found  in  our  study  does  not  neces¬ 
sarily  argue  against  developing  PDGF/PDGFR  inhibitors  in  this 
subtype  of  lung  cancer  or  in  evaluating  these  biomarkers  for  prog¬ 
nostic/predictive  value  to  systemic  therapy.  Any  definitive  conclu¬ 
sions  regarding  this  are  limited  by  the  retrospective  nature  of  this 
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analysis  and  the  fact  that  our  study’s  tumor  specimens  were  collected 
from  patients  whose  subsequent  adjuvant  therapy  varied  signifi¬ 
cantly.  There  were  also  three  sarcomatoid  patients  who  were  subse¬ 
quently  found  to  have  Ml  disease  shortly  after  resection,  which  in  a 
small  study  such  as  this,  could  impact  the  results  by  diminishing  the 
overall  survival  outcomes.  When  matching  and  comparing  the  stage 
2  control  NSCLC  and  sarcomatoid  patients,  the  sarcomatoid  lung 
cancer  patients  had  a  trend  towards  worse  overall  survival.  All  of  these 
variables  factor  into  the  analyses  of  the  overall  survival  data  and 
potentially  prevent  a  rigorous  assessment  of  survival  outcomes  and 
the  PDGFR-j3  IHC/gene  copy  number  biomarkers.  A  prospective 
clinical  trial  that  is  designed  to  target  the  angiogenesis  and  PDGF/ 
PDGFR  pathway  would  be  the  optimal  setting  to  determine  whether 
PDGFR-jS  IHC  or  gene  copy  number  has  potential  as  a  predictive  or 
prognostic  biomarker. 

Conclusion 

This  is  the  first  study  to  show  high  PDGFR-j3  IHC  expression  and 
increased  gene  copy  number  in  sarcomatoid  NSCLC  tumors.  Fur¬ 
ther  studies  are  warranted  to  determine  whether  PDGFR-j8  is  a  fea¬ 
sible  therapeutic  target  in  sarcomatoid  lung  cancers  that  overexpress 
PDGFR-j3  by  IHC  or  have  high  PDGFRB  gene  copy  number.  In 
addition,  assessment  of  these  biomarkers  for  prognostic  or  predictive 
value  in  a  prospective  trial  for  sarcomatoid  NSCLC  would  be 
reasonable. 

Clinical  Practice  Points 

Sarcomatoid  non-small  cell  lung  cancer  (NSCLC)  is  an  uncom¬ 
mon  histologic  variant  that  has  not  been  molecularly  well-character¬ 
ized  and  is  often  refractory  to  standard  chemotherapeutics.  It  was 
hypothesized  that  the  PDGF-B/PDGF-Rb  pathway  may  be  dysregu- 
lated  in  sarcomatoid  lung  cancer;  and  we  conducted  a  study  to  eval¬ 
uate  protein  expression  and  gene  copy  number  between  age,  gender, 
and  stage-matched  NSCLC  and  sarcomatoid  NSCLC  surgically  re¬ 
sected  tumors.  PDGFRB  gene  copy  number  gain  was  associated  with 
sarcomatoid  histology,  lower  clinical  and  pathologic  T-stage,  and 
higher  pathologic  N-stage.  Higher  PDGFR-b  IHC  expression  in 
tumor  cells  was  associated  with  gene  copy  number  gain  and  higher 
gene  copy  ratio  status.  This  is  the  first  study  to  demonstrate  high 
PDGFR-b  IHC  expression  and  gene  copy  number  gain  in  sarcoma¬ 
toid  NSCLC  tumors  and  suggests  that  further  studies  are  warranted 
to  determine  whether  PDGFR-b  is  a  feasible  therapeutic  target  in 
this  population. 


Acknowledgment 

This  study  is  supported  by  the  National  Institutes  of  Health  grant 
number  5  K12  CA088084  05(PP-9). 

References 

1.  Brambilla  E,  Travis  WD,  Colby  TV,  et  al.  The  new  World  Health  Organization 
classification  of  lung  tumours.  Eur  Respir  J  2001;  18:1059-68. 

2.  Martin  LW,  Correa  AM,  Ordonez  NG,  et  al.  Sarcomatoid  carcinoma  of  the  lung:  a 
predictor  of  poor  prognosis.  Ann  Thorac  Surg  2007;  84:973-80. 

3.  Pelosi  G,  Fraggetta  F,  Nappi  O,  et  al.  Pleomorphic  carcinomas  of  the  lung  show  a 
selective  distribution  of  gene  products  involved  in  cell  differentiation,  cell  cycle 
control,  tumor  growth,  and  tumor  cell  motility:  a  clinicopathologic  and  immuno- 
histochemical  study  of  31  cases.  Am J  Surg  Pathol  2003;  27:1203-15. 

4.  Veronesi  G,  Landoni  C,  Pelosi  G,  et  al.  Fluoro-deoxi-glucose  uptake  and  angiogen¬ 
esis  are  independent  biological  features  in  lung  metastases.  Br  J  Cancer  2002;  86: 
1391-5. 

5.  Donnem  T,  Al-Saad  S,  Al-Shibli  K,  et  al.  Prognostic  impact  of  platelet-derived 
growth  factors  in  non-small  cell  lung  cancer  tumor  and  stromal  cells.  /  Thorac  Oncol 
2008;  3:963-70. 

6.  Kawai  T,  Hiroi  S,  Torikata  C.  Expression  in  lung  carcinomas  of  platelet-derived 
growth  factor  and  its  receptors.  Lab  Invest  1997;  77:431-6. 

7.  Shikada  Y,  Yonemitsu  Y,  Koga  T,  et  al.  Platelet-derived  growth  factor-AA  is  an 
essential  and  autocrine  regulator  of  vascular  endothelial  growth  factor  expression  in 
non-small  cell  lung  carcinomas.  Cancer  Res  2005;  65:7241-8. 

8.  Varella-Garcia  M,  Diebold  J,  Eberhard  DA,  et  al.  EGFR  fluorescence  in  situ  hybri¬ 
disation  assay:  guidelines  for  application  to  non-small-cell  lung  cancer ./  Clin  Pathol 
2009;  62:970-7. 

9.  Venissac  N,  Pop  D,  Lassalle  S,  et  al.  Sarcomatoid  lung  cancer  (spindle/giant  cells): 
an  aggressive  disease?  J  Thorac  Cardiovasc  Surg  2007;  134:619-23. 

10.  Fishback  NF,  Travis  WD,  Moran  CA,  et  al.  Pleomorphic  (spindle/giant  cell)  car¬ 
cinoma  of  the  lung.  A  clinicopathologic  correlation  of  78  cases.  Cancer  1994;  73: 
2936-45. 

1 1.  Koss  MN,  Hochholzer  L,  Frommelt  RA.  Carcinosarcomas  of  the  lung:  a  clinico¬ 
pathologic  study  of  66  patients.  Am  J  Surg  Pathol  1999;  23:1514-26. 

12.  Ro  JY,  Chen  JL,  Lee  JS,  et  al.  Sarcomatoid  carcinoma  of  the  lung.  Immunohisto- 
chemical  and  ultrastructural  studies  of  14  cases.  Cancer  1992;  69:376-86. 

13.  Terzi  A,  Gorla  A,  Piubello  Q,  et  al.  Biphasic  sarcomatoid  carcinoma  of  the  lung: 
report  of  5  cases  and  review  of  the  literature.  Eur  J  Surg  Oncol  1997;  23:457. 

14.  Wick,  MR,  Ritter  JH,  Humphrey  PA.  Sarcomatoid  carcinomas  of  the  lung:  a  clin¬ 
icopathologic  review.  Am  J  Clin  Pathol  1997;  108:40-53. 

15.  Raveglia  F,  Mezzetti  M,  Panigalli  T,  et  al.  Personal  experience  in  surgical  manage¬ 
ment  of  pulmonary  pleomorphic  carcinoma.  Ann  Thorac  Surg  2004;  78:1742-7. 

16.  Mochizuki  T,  Ishii  G,  Nagai  K,  et  al.  Pleomorphic  carcinoma  of  the  lung:  clinico¬ 
pathologic  characteristics  of  70  cases.  Am  J  Surg  Pathol  2008;  32:1727-35. 

17.  Rossi  G,  Cavazza  A,  Sturm  N,  et  al.  Pulmonary  carcinomas  with  pleomorphic, 
sarcomatoid,  or  sarcomatous  elements:  a  clinicopathologic  and  immunohistochem- 
ical  study  of  75  cases.  Am  J  Surg  Pathol  2003;  27:31 1-24. 

18.  Nakajima  M,  Kasai  T,  Hashimoto  H,  et  al.  Sarcomatoid  carcinoma  of  the  lung:  a 
clinicopathologic  study  of  37  cases.  Cancer  1999;  86:608-16. 

1 9.  Antoniades  HN,  Galanopoulos  T,  Neville-Golden  J,  et  al.  Malignant  epithelial  cells  in 
primary  human  lung  carcinomas  coexpress  in  vivo  platelet-derived  growth  factor 
(PDGF)  and  PDGF  receptor  mRNAs  and  their  protein  products.  Proc  Natl  Acad  Sci  U 
SA  1992;  89:3942-6. 

20.  McDermott  U,  Ames  RY,  Iafrate  AJ,  et  al.  Ligand-dependent  platelet-derived 
growth  factor  receptor  (PDGFR)-alpha  activation  sensitizes  rare  lung  cancer  and 
sarcoma  cells  to  PDGFR  kinase  inhibitors.  Cancer  Res  2009;  69:3937-46. 

21.  Pietras  K,  Rubin  K,  Sjoblom  T,  et  al.  Inhibition  of  PDGF  receptor  signaling  in 
tumor  stroma  enhances  antitumor  effect  of  chemotherapy.  Cancer  Res  2002;  62: 
5476-84. 


374 


Clinical  Lung  Cancer  November  2011 


Original  Article 


Prognostic  Impact  of  Insulin  Receptor 
Expression  on  Survival  of  Patients  with 
Nonsmall  Cell  Lung  Cancer 
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BACKGROUND:  The  purpose  of  this  study  was  to  characterize  insulin  receptor  (IR)  and  insulin-like  growth  factor-1 
receptor  (IGF-1R)  expression  in  patients  with  nonsmall  cell  lung  cancer  (NSCLC).  METHODS:  A  total  of  459  patients 
who  underwent  curative  resection  of  NSCLC  were  studied  (median  follow-up  duration,  4.01  years).  Expression  of 
the  IR  and  IGF-1R  protein  in  tumor  specimens  was  assessed  immunohistochemically  using  tissue  microarrays. 
RESULTS:  The  cytoplasmic  IR  score  was  higher  in  patients  with  adenocarcinoma  (ADC)  than  in  those  with  squamous 
cell  carcinoma  (SCC),  whereas  cytoplasmic  IGF-1R  score  was  higher  in  patients  with  SCC  than  those  with  ADC. 
Neither  IR  nor  IGF-1R  expression  was  associated  with  sex,  smoking  history,  or  clinical  stage.  Patients  with  positive  IR 
or  IGF-1R  expression  levels  had  poor  recurrence-free  (RFS)  (3.8  vs  3.3  years;  3.8  vs  2.0  years,  respectively),  but  simi¬ 
lar  overall  survival  (OS).  Patients  with  high  expression  levels  of  IR  and  IGF-1R  had  shorter  RFS  and  OS  compared  with 
those  with  low  levels  of  IR  and/or  IGF-1R  expression.  Finally,  a  multivariate  analysis  revealed  the  impact  of  IR,  but  not 
of  IGF-1R,  as  an  independent  predictive  marker  of  NSCLC  survival:  hazard  ratio  (HR)  for  OS,  1.005  (95%  confidence 
interval  [Cl],  1.001-1.010],  HR  for  RFS,  1.005  (95%  Cl,  1.001-1.009),  when  IR  score  was  tested  as  a  continuous  variable. 
CONCLUSIONS:  Overexpression  of  IR  predicts  a  poor  survival  among  patients  with  NSCLC,  especially  those 
with  SCC.  These  results  might  serve  as  future  guidance  to  the  clinical  trials  involving  IR  or  IGR-1R  targeting  agents. 
Cancer  2011;000:000-000.  ©  20 7/  American  Cancer  Society. 

KEYWORDS:  carcinoma,  nonsmall  cell  lung,  receptor,  insulin,  receptor,  IGF  type  1,  prognosis,  survival. 


INTRODUCTION 

Nonsmall  cell  lung  cancer  (NSCLC)  is  the  leading  cause  of  cancer-related  deaths  in  the  United  States,  and  current 
systemic  therapies  for  NSCLC  have  limited  efficacy,  indicating  the  need  for  novel  treatment  strategies.1  One  potentially 
effective  strategy  is  targeting  the  insulin-like  growth  factor  (IGF)/insulin  signaling  pathway.  The  IGF/insulin  system  is 
composed  of  ligands  (insulin,  IGF-I,  and  IGF-II),  receptors  (insulin  receptor  [IR],  IGF-1R,  and  IGF-2R),  and  IGF-bind- 
ing  proteins  1-6.  The  IR  and  IGF-1R  are  highly  homologous  heterotetrameric  molecules  composed  of  2  extracellular  a- 
subunits  with  binding  capacity  and  2  transmembrane  P-subunits  with  tyrosine  kinase  activity  that  are  activated  in  response 
to  ligand  binding.2  The  IR  and  IGF-1R  can  homodimerize  as  well  as  heterodimerize  with  each  other  and  have  selective 
affinities  to  ligands,  such  as  IGF-I,  IGF-II,  and  insulin. 1  Whereas  IGF-I  and  insulin  bind  to  IGF-1R  and  the  IR,  respec¬ 
tively,  with  high  selectivity,  IGF-II  binds  to  IGF-1R  as  well  as  an  alternative  splicing  variant  of  the  IR,  termed  IR-A.4 
Also,  whereas  insulin  has  direct  access  to  its  receptors,  the  bioavailability  of  IGF-I  is  influenced  by  IGF-binding  proteins." 

The  IGF- IR  and  IR  interact  and  share  similar  downstream  signaling  pathways,  including  mitogen-activated  protein 
kinase  and  phosphatidylinositol  3-kinase.  The  IGF- 1 R  and  IR  participate  in  mitogenic  and  antiapoptotic  signaling  in  nor¬ 
mal  and  neoplastic  epithelia.  In  mammals,  the  IR  and  IGF-1R  have  also  evolved  to  exert  different  biological  functions. 
Specifically,  the  IR  plays  a  central  role  in  glucose  homeostasis,  whereas  IGF-IR  is  a  regulator  of  body  growth.5 
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Interestingly,  expression  of  IR-A,  often  referred  to  as  the 
fetal  isoform  of  the  IR,  is  elevated  in  several  human  can¬ 
cers.6  In  patients  with  breast  cancer,  total  level  of  the  IR 
expression  was  indicative  of  poor  survival,  whereas  total 
IGF-IR  expression  was  not.7,8  Furthermore,  IR  down-reg¬ 
ulation  has  shown  to  inhibit  polyoma  virus  middle  T  anti¬ 
gen-induced  tumor  growth  in  vivo.7  Insulin  may  be 
involved  in  the  growth  of  malignancies.5  Aberrant  IR 
expression  sensitized  cancer  cells  to  the  pleiotropic  effects 
of  circulating  insulin,  leading  to  acquire  resistance  to  both 
conventional  and  targeted  therapies,  especially  in  hyperin- 
sulinemic  patients.10,11  Given  the  impact  of  IGF-1R/IR 
signaling  on  the  development  and  progression  of  several 
types  of  cancer,  researchers  have  long  studied  the  prognos¬ 
tic  value  of  IGF-IR  protein  expression  in  patients  with 
NSCLC12"14  or  small-cell  lung  cancer.15  Researchers  have 
also  studied  the  impact  of  the  epidermal  growth  factor  re¬ 
ceptor  (EGFR)  pathway,  which  is  suggested  to  crosstalk 
with  the  IGF-IR  pathway,  on  survival  in  patients  with 
lung  cancer.16,17  Despite  the  data  indicating  the  potential 
prognostic  significance  of  IR  overexpression,  information 
about  IR  expression  in  lung  cancer  cases  is  very  limited. 

The  aim  of  this  study  was  to  analyze  IR  and  IGF-IR 
expression  in  correlation  with  clinicopathological  para¬ 
meters  in  NSCLC  patients  and  to  evaluate  the  prognostic 
impact  of  the  expression  on  the  survival  of  these  patients. 

MATERIALS  AND  METHODS 
Patient  Characteristics 

The  study  patients’  baseline  characteristics  are  listed  in 
Table  1.  Detailed  clinical  and  pathological  information 
was  available  for  most  of  the  patients  and  included  their 
demographic  data,  smoking  history  (never-smokers  va 
ever-smokers  [patients  who  had  smoked  at  least  1 00  ciga¬ 
rettes  in  their  lifetimes]),  pathological  TNM  stage,  and 
overall  survival  (OS)  and  recurrence-free  survival  (RFS) 
duration.  The  numbers  of  patients  per  sex  were  well 
balanced,  and  almost  two-thirds  of  the  patients  had 
adenocarcinoma  (ADC).  Most  of  the  patients  had  early- 
stage  NSCLC  and  were  ever-smokers.  Tissue  banking  and 
research  conduct  were  approved  by  The  University  of 
Texas  MD  Anderson  Cancer  Center  institutional  review 
board.  All  patients  provided  their  informed  consent  to 
participate  in  the  study,  and  all  identifying  information 
was  removed  from  the  database. 

Case  Selection  and  Tissue 
Microarray  Construction 

For  this  study,  archived  formalin-fixed,  paraffin-embed¬ 
ded  specimens  of  NSCLC  were  obtained  from  previously 


described  tissue  banks  at  MD  Anderson.18  The  tissue 
specimens  were  originally  collected  from  1997  to  2005 
and  were  classified  using  the  2004  World  Health  Organi¬ 
zation  classification  system.  ’  A  tissue  microarray  (TMA) 
set  comprising  511  NSCLC  specimens  (334  ADCs  and 
1 77  squamous  cell  carcinomas  [SCCs])  obtained  from 
patients  who  underwent  surgery  at  MD  Anderson  from 
2003  to  2005  was  constructed.  Only  patients  with  avail¬ 
able  staging  information  were  included  in  our  analysis 
(n  =  459).  After  histological  examination  of  the  NSCLC 
specimens,  the  NSCLC  TMAs  were  constructed  by 
obtaining  3  1-mm-diameter  cores  from  each  tumor  at 
3  different  sites  (periphery,  intermediate,  and  central 
tumor).  The  TMAs  were  prepared  using  a  manual  tissue 
arrayer  (Advanced  Tissue  Arrayer  ATA100;  Chemicon 
International,  Tumecula,  Calif). 

Immunohistochemical  Analysis 
of  Tumor  Specimens 

Expression  of  IGF-IR,  and  IR  in  TMAs  was  measured 
using  immunostaining.  Primary  antibodies  used  in  im¬ 
munohistochemical  (IHC)  analysis  were  purchased  from 
Cell  Signaling  Technology  (Danvers,  Mass)  (IGF-IR)  or 
Santa  Cruz  Biotechnology  (Santa  Cruz,  Calif)  (IR). 
Details  of  the  IHC  analysis  were  described  previously.18 
The  expression  of  IGF-IR  and  IR  was  quantified  by  2 
independent  observers  (C.B.  and  I.I.W.)  who  were 
unaware  of  the  patients’  outcomes.  Cytoplasmic,  mem¬ 
branous,  and  nuclear  expression  was  quantified  using  a  4- 
value  intensity  scoring  system  (0,  1+,  2+,  and  3+)  and 
the  percentage  (0%-100%)  of  the  extent  of  reactivity. 
Next,  the  expression  score  was  calculated  by  multiplying 
the  intensity  value  by  the  reactivity  extension  value  (range, 
0-300).  Tumors  with  IHC  score  equal  to  or  higher  than 
1  were  considered  positive  staining  for  the  markers. 

Statistical  Analysis 

Summary  statistical  analysis  of  biomarker  expression 
levels  according  to  patient  baseline  characteristics  was  per¬ 
formed.  Wilcoxon  rank  sum  and  Kruskal-Wallis  tests 
were  performed  to  compare  the  biomarker  expression  in 
different  subgroups  defined  by  categorical  variables,  such 
as  histology  and  smoking  history.  Spearman  rank  correla¬ 
tion  coefficients  were  used  to  determine  the  correlation 
among  biomarkers.  Student  rtest  and  Pearson  correlation 
coefficient  were  used  to  analyze  gene  expression  data.  The 
OS  and  RFS  durations  in  each  subgroup  of  patients  were 
then  determined  using  the  Kaplan-Meier  method  and 
compared  using  the  log-rank  test.  Cox  proportional 


2 


Cancer  Month  oo,  2011 


Insulin  Receptor  Expression  in  NSCLC/Kim  et  al 


Table  1.  Patients  Characteristics 


Feature 

Adenocarcinoma 


Median  age  (range),  y 

(n  =  298) 

66  (32-88) 

Sex 

Male 

133  (44.6%) 

Female 

165  (55.4%) 

Smoking  status15 

Never 

47  (15.8%) 

Former 

132  (44.3%) 

Current 

118  (39.6%) 

Unknown 

1  (0.3%) 

Race 

Caucasian 

272  (91.3%) 

Others 

26  (8.7%) 

T  category15 

1 

120  (40.3%) 

2 

145  (48.7%) 

3 

11  (3.7%) 

4 

22  (7.4%) 

N  category*5 

0 

212  (71.1%) 

1 

42  (14.1%) 

2 

43  (14.4%) 

X 

1  (0.3%) 

Final  stage*5 

1 

184  (61.7%) 

II 

83  (27.9%) 

III 

20  (6.7%) 

IV 

11  (3.7%) 

NSCLC  Histologic  Type3 


Squamous 
Carcinoma 
(n  =  161) 

Total 
(n  =  459) 

66  (43-89) 

66  (32-89) 

96  (59.6%) 

65  (40.4%) 

231  (50.3%) 
228  (49.7%) 

1  (0.6%) 

76  (47.2%) 

83  (51.6%) 

1  (0.6%) 

48  (10.5%) 
208  (45.3%) 
201  (43.8%) 
2  (0.4%) 

146  (90.7%) 

15  (9.3%) 

418  (91.1%) 
41  (8.9%) 

57  (35.4%) 

83  (51.6%) 

11  (6.8%) 

10  (6.2%) 

177  (38.6%) 
228  (49.7%) 
22  (4.8%) 
32  (7%) 

104  (64.6%) 

37  (23.0%) 

19  (11.8%) 

1  (0.6%) 

316  (68.8%) 
79  (17.2%) 
62  (13.5%) 
2  (0.4%) 

90  (55.9%) 

58  (36.0%) 

10  (6.2%) 

3  (1 .9%) 

274  (59.7%) 
141  (30.7%) 
30  (6.5%) 
14  (3.1%) 

Abbreviation:  NSCLC,  nonsmall  cell  lung  cancer. 
a  Values  are  number  of  cases  unless  otherwise  indicated. 

b  Smoking  history  was  assigned  based  on  the  CDC  definitions  (Accessed  on  Jun  29,  2010.  http://www.cdc.gov/nchs/ 
nhis/tobacco/tobacco_glossary.htm). 

Never  smoker:  an  adult  who  has  never  smoked,  or  who  has  smoked  less  than  100  cigarettes  in  his  or  her  lifetime. 

Former  smoker:  an  adult  who  has  smoked  at  least  100  cigarettes  in  his  or  her  lifetime  but  who  had  quit  smoking  at  the 
time  of  interview. 

Current  smoker:  an  adult  who  has  smoked  100  cigarettes  in  his  or  her  lifetime  and  who  currently  smokes  cigarettes. 
c  According  to  the  American  Joint  Committee  on  Cancer  Staging  Manual,  6th  edition. 


hazards  models  were  used  for  multivariate  analysis.  All  sta¬ 
tistical  tests  were  2  sided,  and  P  values  of  no  more  than 
.05  were  considered  statistically  significant. 

RESULTS 

Expression  of  the  IR  and  Correlation  with 
Expression  of  IGF-1R 

IHC  staining  of  the  tissue  specimens  obtained  from  the 
459  patients  revealed  quantifiable  expression  of  the  IR 
and  IGF-1R  in  most  of  the  NSCLCs  (Fig.  1).  The  expres¬ 
sion  of  the  IR,  IGF- 1 R  was  mainly  cytoplasmic  with  mod¬ 


est  membraneous  staining;  we  did  not  detect  nuclear 
staining  of  these  proteins.  The  expression  levels  at  cyto¬ 
plasmic  and  membranous  locations  for  each  marker  were 
well  correlated  with  each  other  (data  not  shown).  Cyto¬ 
plasmic  IR  expression  levels  were  significantly  higher  in 
ADC  specimens  than  in  SCC  specimens  (P  =  2.4  E-4, 
Fig.  2A),  but  the  membranous  IR  expression  levels  were 
similar.  The  levels  of  IR  expression  according  to  sex,  stage, 
and  smoking  history  were  similar  (Table  2).  Cytoplasmic 
and  membraneous  expressions  of  IGF-1R  {P  =  4.7  E-05, 
Fig.  2B)  were  significantly  associated  with  SCC.  Expres¬ 
sion  of  the  IR  and  that  of  IGF-1R  were  not  correlated 
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Figure  1.  This  shows  examples  of  insulin  receptor  (IR)  and  insulin-like  growth  factor-1  receptor  (IGF-1R)  immunohistochemical 
staining.  Representative  photomicrographs  of  IR  and  IGF-1R  expression  in  lung  adenocarcinoma  (ADC)  and  squamous  cell  carci¬ 
noma  (SCC). 


with  each  other,  and  expression  of  pIGF-lR/IR  was  not 
significantly  correlated  with  that  of  the  IR  and  IGF-1R 
(data  not  shown).  When  we  compared  expression  of  IR 
and  IGF-1R  using  gene  expression  and  clinical  data 
retrieved  from  the  Gene  Expression  Omnibus  (GSE3141; 
http://www.ncbi.nlm.nih.gov/geo/),20  which  include  58 
patients  with  ADC  and  53  with  SCC,  normalized  expres¬ 
sion  of  IR  (probe  ID:  213792_s_at  and  226450_at)  were 
significantly  higher  in  ADC  than  in  SCC  (P  =  .057  and 
.0010,  respectively,  Fig.  2C),  whereas  those  of  IGF-1R 
(probe  ID:  225330_at  and  203627  at)  were  significantly 
higher  in  SCC  than  in  ADC  ( P  =  3.5  E-7  and  1.3  E-9, 
respectively,  Fig.  2D).  The  expression  of  2  probes  in  each 
genes  were  strongly  correlated  with  each  other  (Pearson 
correlation  coefficient  [Rp]:  0.773,  P  =  2.6  E-23  for  IR, 
and  Rp:  0.830,  P=  2.1  E-29  for  IGF-1R).  We  confirmed 
these  differential  expression  patterns  using  an  independ¬ 
ent  dataset  with  138  patients  (GSE8894).21 

RFS  and  OS 

After  a  median  follow-up  duration  of  4.1  years  for  the 
censored  observations  (data  cutoff:  September  2010), 


RFS  durations  in  patients  with  positive  membraneous  IR 
expression  levels  were  significantly  shorter  than  those  in 
patients  with  negative  IR  expression  levels  (median:  3.8 
years  vs  3.3  years,  P  =  .044  [log-rank  test])  (Fig  3A).  In 
contrast,  the  OS  durations  were  similar  in  patients  with 
positive  versus  negative  IR  expression  levels  (P  =  .430 
[log-rank  test])  (Fig  3B).  Cytoplasmic  IGF-1R  and  IR 
expression  did  not  have  impacts  on  RFS  and  OS  in  uni¬ 
variate  analysis.  Although  membraneous  IR  expression 
levels  were  not  significantly  different  between  ADC  and 
SCC,  SCC  patients  with  positive  IR  expression  had 
shorter  RFS  and  OS  durations  than  those  with  negative 
IR  expression  (Fig.  3C  and  D),  whereas  IR  expression  in 
ADC  patients  did  not  make  any  difference  in  survival 
(Fig.  3E  and  F).  When  we  performed  a  subgroup  analysis 
by  gender,  there  were  similar  OS  in  both  IR  positive  and 
negative  groups,  whereas  we  observed  prolonged  RFS  in 
IR  negative  groups  in  both  gender  (log  rank  test,  P  =  .085 
and  .047  for  male  and  female,  respectively).  Patients  with 
positive  membraneous  IGF-1R  expression  showed  poor 
RFS  compared  with  those  with  negative  expression  (P= 
.044),  whereas  there  was  a  similar  OS  between  these 
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Figure  2.  This  shows  expression  pattern  of  IR  and  IGF-1R  according  to  histology,  immunohistochemical  (IHC)  score  and  normal¬ 
ized  mRNA  expression  level  on  microarray  data  (GSE3141)  were  compared  by  Wilcoxon  rank  sum  test  in  lung  adenocarcinoma 
(ADC)  and  squamous  cell  carcinoma  (SCC).  IHC  score  (A)  of  IR  was  significantly  higher  in  tumors  from  ADC  (P  =  2.4  E-4),  and 
normalized  mRNA  expression  levels  of  IR  (C)  were  significantly  higher  in  tumors  from  ADC  (green:  probe  number  213792_s_at  P 
=  .057,  and  blue:  probe  number  226450_at  P  =  .0010,  respectively).  IHC  score  of  IGF-1R  (2B)  were  significantly  higher  in  tumors 
from  SCC  (P  =  4.7  E-05)  and  normalized  mRNA  expression  levels  of  IGF-1R  (D)  were  significantly  higher  in  tumors  from  SCC 
(green:  probe  number  225330_at,  P  =  3.5  E-7,  and  blue:  probe  number  203627_at  P  =  1.3  E-9). 


groups  (Fig.  4A  and  B).  In  the  subgroup  analysis  by  histol¬ 
ogy,  SCC  patients  with  positive  or  negative  IGF- IR  had  a 
similar  OS  and  RFS  (Fig.  4C  and  D),  whereas  ADC 
patients  with  positive  IGF-1R  expression  (N  =  11)  had 
poor  OS  and  RFS  compared  with  those  with  negative 
IGF- IR  expression  (Fig.  4E  and  F).  Interestingly,  patients 
with  positive  membraneous  IGF-1R  and  IR  expression 
levels  (N  =  23)  had  shorter  RFS  and  OS  durations  than 
did  all  of  the  other  patients  (Fig.  5).  When  tested  as  con¬ 
tinuous  variables,  the  IGF-1R  scores  were  not  associated 
with  differences  in  survival  duration  (data  not  shown).  In 
contrast,  the  IR  IHC  score  significantly  impacted  RFS 


and  OS  durations  when  tested  as  a  continuous  variable 
(hazard  ratio  [HR]  for  OS,  1.0045  [95%  confidence 
interval  [Cl],  1.0001-1.0089];  P  =  .0470;  HR  for  RFS, 
1.0052  [95%  Cl,  1.0005-1.0100];  P  =  .0311).  We  con¬ 
firmed  the  prognostic  value  of  the  IR  IHC  score  regarding 
RFS  and  OS  in  the  multivariate  analysis  (Table  3).  When 
we  performed  the  multivariate  analysis  in  each  histology 
subgroup,  the  negative  impact  of  IR  was  significant  only 
in  patients  with  SCC  (HR  for  OS:  1.009  [1.002-1.016], 
P  =  .014  and  HR  for  RFS:  1.007  [1.001-1.014],  P  = 
.027)  (Table  4).  In  the  multivariate  model  with  IGF-1R, 
IR  only  retained  the  significance.  Unfortunately,  we  were 
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Table  2.  Patients  Characteristics  According  to  IR  Expression 


Negative  IR 

Positive  IR 

pa 

(N  =  274) 

(N  =  180) 

Age  Median  age 

(range),  y 

66  (32-88) 

66  (42-89) 

.810 

Gender 

Female 

130  (47.4%) 

97  (53.9%) 

.174 

Male 

144  (52.6%) 

83  (46.1%) 

Race 

Caucasian 

245  (89.4%) 

168  (93.3%) 

.154 

Noncaucasian 

29  (10.6%) 

12  (6.7%) 

Histology 

Adenocarcinoma 

172  (62.8%) 

123  (68.3%) 

.224 

Squamous  cell  carcinoma 

102  (37.2%) 

57  (31.7%) 

Smoking 

Never  smoker 

34  (12.4%) 

14  (7.8%) 

.265 

Former  smoker 

119  (43.4%) 

86  (47.8%) 

Current  smoker 

120  (43.8%) 

79  (43.9%) 

Unknown 

1  (0.4%) 

1  (0.6%) 

T  category15 

T1 

100  (36.5%) 

72  (40.0%) 

.892 

T2 

140  (51.1%) 

88  (48.9%) 

T3 

14  (5.1%) 

8  (4.4%) 

T4 

20  (7.3%) 

12  (6.7%) 

N  category15 

NO 

191  (69.7%) 

122  (67.8%) 

.861 

N1 

45  (16.4%) 

33  (18.3%) 

N2 

37  (13.5%) 

25  (13.9%) 

Nx 

1  (0.4%) 

0  (0%) 

Final  stageb 

1 

162  (59.1%) 

109  (60.6%) 

.930 

II 

86  (31 .4%) 

54  (30.0%) 

III  and  IV 

26  (8.5%) 

17  (9.4%) 

Abbreviation:  IR,  insulin  receptor. 

aP  values  are  calculated  by  Mann-Whitney  test  for  age,  and  by  chi-square  test  for  all  of  the  other  variables. 
bAccording  to  the  American  Joint  Committee  on  Cancer  Staging  Manual,  6th  edition. 


not  able  to  show  the  survival  difference  from  gene  expres¬ 
sion  databases,  mainly  because  of  lack  of  statistical  power 
from  small  sample  size. 

DISCUSSION 

Recent  evidences  imply  that  the  IR  expression  has  a  role  in 
cancer  cell  proliferation,  angiogenesis,  lymphangiogene- 
sis,  and  metastasis  in  patients  with  various  cancers.5’"2"2 
However,  firm  studies  of  IR  expression  in  primary  human 
cancers  are  surprisingly  scarce.  In  this  article,  we  have 
demonstrated,  to  our  knowledge  for  the  first  time,  the  sur¬ 
vival  impact  of  IR  expression  in  patients  with  NSCLC. 
The  results  described  herein  provide  evidence  that  IR 
expression  in  tumor  specimen  is  an  independent  prognos¬ 
tic  factor  for  OS  and  RFS  in  patients  with  resected 
NSCLC.  The  impact  of  IR  expression  on  survival  is  sub¬ 
stantial,  even  though  the  HRs  for  OS  and  RFS  look  small. 
Considering  the  IHC  scores  were  put  as  a  continuous  vari¬ 
able  in  the  multivariate  model,  the  increase  of  HRs  per  1 
IR  score  is  almost  comparable  to  those  per  1  year  of  age 
(Tables  3  and  4).  Our  data  suggest  that  IR  is  a  potential 
target  in  cancer  therapy  and  that  patients  with  NSCLC 
should  be  stratified  based  on  IR  expression  in  future  clini¬ 
cal  trials  with  IGF-lR/IR-targeted  agents.  Additional  in¬ 
formation  can  be  retrieved  from  completed  clinical  trials 


of  IGF-1R-  or  IR-targeted  agents  via  retrospective  analysis 
to  determine  whether  differences  in  IR  expression  level 
among  treatment  groups  affect  outcomes  and  thus  have 
therapeutic  implications. 

Because  the  IGF-1R  pathway  is  frequently  deregu¬ 
lated  in  human  tumors,  including  NSCLC,  investigators 
have  assessed  the  role  of  IGF-1R  expression  as  a  prognos¬ 
tic  factor.  Previous  studies  have  shown  that  IGF-1R 
expression  is  consistently  associated  with  SCC.12'1 1  How¬ 
ever,  these  previous  studies  do  not  consistently  support  a 
definite  impact  of  IGF-1R  protein  expression  on  survival 
of  NSCLC.12"1*1  Because  it  is  well  known  that  IGF-1R 
and  IR  are  structurally  similar  and  functionally  interact  to 
promote  cell  proliferation  and  survival,5  we  sought  to 
determine  whether  expression  of  IGF-1R,  IR,  or  their  co¬ 
expression  have  prognostic  impacts  in  NSCLC.  Our  data 
confirm  previous  findings  of  IGF-1R  expression  in  associ¬ 
ation  with  histological  feature  of  SCC.12'1  We  also  show 
previously  unidentified  results,  including:  1)  IR  expres¬ 
sion  was  consistently  associated  with  ADC;  2)  patients 
with  IGF-lR-positive  or  IR-positive  tumors  showed  sig¬ 
nificantly  shorter  RFS  than  those  with  IGF- 1  R-negative 
tumors  or  IR-negative  tumors,  respectively  (Figs.  3A  and 
4A);  3)  IGF-1R  and  IR  expressions  were  negatively  corre¬ 
lated  with  survival  duration  of  patients  with  ADC  and 
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Figure  3.  This  shows  Kaplan-Meier  estimates  of  survival  among  the  study  population,  according  to  insulin  receptor  (IR)  expres¬ 
sion  levels.  Recurrence-free  survival  (RFS)  and  overall  survival  (OS)  in  overall  population  (A,  B),  in  patients  with  squamous  cell 
carcinoma  (SCC)  (C,  D)  and  in  patients  with  adenocarcinoma  (ADC)  (E,  F).  Data  on  RFS  and  OS  are  shown  according  to  stratifi¬ 
cation  on  the  basis  of  IR  expression  levels.  Overall,  patients  with  IR-negative  tumors  had  significantly  better  RFS  than  did 
patients  with  IR-positive  tumors  (P  =  .044  for  RFS  and  P  =  .430  for  OS  by  the  2-sided  log-rank  test)  (A,  B).  Subgroup  analysis 
shows  the  impact  of  IR  expression  on  RFS  or  OS  is  confined  to  patients  with  squamous  cell  carcinoma  (SCC)  (C-F). 


SCC,  respectively  (Figs.  3C  and  D  and  4E  and  F), 
although  the  number  of  patients  with  ADC  was  not 
enough  to  draw  a  firm  conclusion  about  the  correlation; 
and  4)  patients  with  positive  IR  and  IGF-1R  expression 
levels  had  significantly  shorter  survival  durations  than  did 
patients  with  negative  IR  and/or  negative  IGF-1R  expres¬ 
sion  levels,  although  the  number  of  patients  in  the  positive 


expression  group  was  relatively  small.  Interestingly,  we 
observed  similar  survival  durations  in  patients  with  nega¬ 
tive  IR  and/or  negative  IGF-1R  (Fig.  5).  These  data  sug¬ 
gest  that  IR  and  IGF-1R  could  have  independent  roles  in 
the  prognosis  of  lung  cancer  patients.  Further,  these  2 
receptors  could  function  as  potential  prognostic  factors 
dependent  on  the  histological  feature  of  patients.  In  a 
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Figure  4.  This  shows  Kaplan-Meier  estimates  of  survival  among  the  study  population,  according  to  insulin-like  growth  factor  1  recep¬ 
tor  (IGF-1R)  expression  levels.  Recurrence-free  survival  (RFS)  and  overall  survival  (OS)  in  overall  population  (A,  B),  in  patients  with 
squamous  cell  carcinoma  (SCC)  (C,  D)  and  in  patients  with  adenocarcinoma  (ADC)  (E,  F).  Data  on  OS  and  RFS  are  shown  according 
to  stratification  on  the  basis  of  IGF-1R  expression  levels.  Patients  with  high  IGF-1R  tumors  had  significantly  poor  RFS  and  similar  OS 
than  did  patients  with  low  IGF-1R  IHC  score  (P  values  are  as  indicated  in  the  figures  and  calculated  by  the  2-sided  log-rank  test). 
Overall,  patients  with  IGF-lR-negative  tumors  had  significantly  better  RFS  than  did  patients  with  IGF-IR-positive  tumors  (P  =  .044 
for  RFS  and  P  =  .430  for  OS  by  the  2-sided  log-rank  test)  (A,  B).  Subgroup  analysis  shows  the  impact  of  IR  expression  on  RFS  or  OS  is 
confined  to  patients  with  adenocarcinoam  (ADC)  (C-F). 


multivariate  analysis,  however,  IGF-1R  did  not  retain  a 
significant  hazard  ratio  for  RFS  and  OS,  whereas  IR  did, 
suggesting  a  definite  impact  of  IR  expression,  not  IGF-1R 
expression,  on  survival  of  NSCLC. 

Based  on  our  findings  that  IGF-1R  expression  was 
greater  in  ever-smokers  than  in  never-smokers25  and  in 


patients  with  SCC  than  in  those  with  ADC  and  whereas 
IR  expression  was  higher  in  patients  with  ADC  than  in 
those  with  SCC,  we  could  suggest  that  cotargeting  of  the 
IR  and  IGF-1R  may  have  broader  coverage  than  targeting 
of  IGF-1R  alone.  Of  interest,  some  anti-IGF-lR  anti- 
body-based  clinical  trials,  which  have  shown  initial  benefit 
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Figure  5.  This  shows  Kaplan-Meier  estimates  of  survival  among  the  study  population,  according  to  insulin  receptor  (IR)  and  insu- 
lin-like  growth  factor  1  receptor  (IGF-1R)  expression  levels.  Data  on  overall  survival  (OS)  and  recurrence-free  survival  (RFS)  are 
shown  according  to  stratification  on  the  basis  of  IR  and  IGF-1R  expression  levels.  Patients  with  high  IR  and  IGF-1R  tumors  had  sig¬ 
nificantly  poor  RFS  and  OS  than  did  patients  with  low  IR  and/or  low  IGF-1R  IHC  score  (P  values  are  as  indicated  in  the  figures 
and  calculated  by  the  2-sided  log-rank  test). 


in  patients  with  SCC,  revealed  limitations  in  therapeutic 
efficacy.-6  More  importantly,  recent  phase  III  trials  of  the 
anti-IGF- 1 R  antibody  figitumumab  were  terminated  pre¬ 
maturely  because  of  an  increase  in  the  number  of  serious 
adverse  events  and  excess  mortality  in  the  experimental 
arm.  The  resistance  to  anti-IGF- IR  antibody  could  be 
explained  by  the  possibility  that  reduced  IGF-1R  avail¬ 


ability  in  hybrid  IGF-1R/IR  receptors  may  result  in 
increased  numbers  of  IR  homodimers,  leading  to 
unwanted  enhanced  IR  signaling.  Also,  anti-IGF- IR  anti¬ 
bodies  may  not  effectively  block  signaling  from  hybrid 
IGF-1R/IR.  In  previous  studies,  down- regulation  of  IGF- 
1 R  expression  did  not  affect  the  IR  expression  levels  but, 
interestingly,  sensitized  cells  to  insulin  activation  of 
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Table  3.  Multivariate  Analysis  of  Survival  for  Overall  Population 


Variable 

HR  for  OS  (95%  Cl) 

P 

HR  for  RFS  (95%  Cl) 

P 

Age 

1.013  (0.998-1.029) 

.089 

1 .009  (0.996-1 .022) 

.169 

Gender 

(Male  vs  female) 

1.577  (1.172-2.123) 

.003 

1.439  (1.110-1.866) 

.006 

Histology  (SCC  vs  ADC) 

1.279  (0.947-1.726) 

.109 

1.179  (0.904-1.538) 

.224 

Stage 

II  vs  1 

1.837  (1.330-2.537) 

<.001 

1 .846  (1 .392-2.449) 

<.001 

lll/IV  vs  1 

2.294  (1.471-3.576) 

<.001 

2.214  (1.478-3.315) 

<.001 

IR  expression3 

1.005  (1.001-1.010) 

.028 

1.005  (1.001-1.009) 

.019 

Abbreviations:  ADC,  adenocarcinoma;  Cl,  confidence  interval;  HR,  hazard  ratio;  IR,  insulin  receptor;  OS,  overall  survival; 
RFS,  recurrence-free  survival;  SCC,  squamous  cell  carcinoma. 

P  values  are  calculated  by  Cox  Proportional  Hazard  Model. 
a  Membraneous  IR  IHC  score  was  used  as  a  continuous  variable. 


Table  4.  Multivariate  Analysis  of  Survival  for  Patients  With  Squamous  Cell  Carcinoma 


Variable 

HR  for  os 
(95%  Cl) 

P  Value 

HR  for 

RFS  (95%  Cl) 

P  Value 

Age 

Gender 

1 .005  (0.980-1 .029) 

.718 

1.002  (0.981-1.024) 

.850 

(Male  vs  Female) 

1.133  (0.713-1.801) 

.598 

1.125  (0.736-1.718) 

.586 

Stage 

II  vs  1 

1 .536  (0.920-2.563 

.101 

1.701  (1.075-2.691) 

.023 

lll/IV  vs  1 

2.561  (1.258-5.213) 

.010 

2.874  (1.472-5.611) 

.002 

IR  expression3 

1.009  (1.002-1.016) 

.014 

1.007  (1.001-1.014) 

.027 

Abbreviations:  ADC,  adenocarcinoma;  Cl,  confidence  interval;  HR,  hazard  ratio;  IR,  insulin  receptor;  OS,  overall  survival; 
RFS,  recurrence-free  survival;  SCC,  squamous  cell  carcinoma. 

P  -values  are  calculated  by  Cox  Proportional  Hazard  Model. 
a  Membraneous  IR  IHC  score  was  used  as  a  continuous  variable. 


downstream  signaling  pathways  in  several  breast  cancer 
cell  lines27  or  osteoblasts.28  In  a  pancreatic  neuroendo¬ 
crine  tumor  model  in  which  the  researchers  treated 
tumors  with  the  anti-IGF-lR  antibody  IMC-A12,  ele¬ 
vated  IR  signaling  before  and  after  treatment  may  have 
manifested  as  intrinsic  and  adaptive  resistance  to  anti- 
IGF-1R  Ab-based  therapies.22  Also,  authors  have  noted 
that  hyperinsulinemia  is  a  compensatory  mechanism  to 
IGF-1R  inhibitors,30’31  which  may  directly  activate  IR 
signaling  pathways.  In  these  regard,  small-molecule  tyro¬ 
sine  kinase  domain  inhibitors  (TKI)  of  IGF-1R,  which 
are  under  investigation  in  clinical  trials,  could  be  a  better 
strategy  to  target  IGF-1R/IR  signaling,  as  IGF-1R  mono¬ 
clonal  antibody  induced  a  compensatory  increase  of  IR 
phosphorylation,  which  could  be  abolished  by  IGF-1R 
TKI.32  A  challenge  to  the  development  of  IGF-lR-tar- 
geted  kinase  inhibitors  may  be  the  similarity  of  the  cata¬ 
lytic  domain  to  that  of  the  IR.33"35  Inhibition  of  the  IR  in 
normal  cells  could  have  brought  significant  undesired 
effects  on  glucose  homeostasis,  and  chronic  treatment 
may  result  in  symptoms  of  diabetes.3  ’  However,  little  data 


on  the  tolerability  and  efficacy  of  the  small-molecule 
inhibitors  of  IGF-1R  are  currently  available.37  Further 
investigation  of  the  role  of  targeting  IR  in  lung  cancer  is 
warranted. 

A  recent  study  examined  the  role  of  insulin  and 
phosphorylated  IR  (pIR)  in  patients  with  NSCLC.38  The 
researchers  confirmed  the  intracellular  presence  of  insulin 
in  30  of  112  patients  using  IHC  analysis  and  observed  a 
significant  correlation  with  pIR  expression.  Although  the 
results  of  both  DFS  and  OS  analyses  were  not  statistically 
significant,  the  investigators  observed  a  trend  of  longer 
survival  durations  in  patients  with  insulin-positive  tumors 
than  in  those  with  insulin-negative  tumors.  One  of  the 
possible  explanations  for  the  increased  survival  durations 
in  these  patients  is  the  close  relationship  of  insulin  reactiv¬ 
ity  with  unaggressive,  highly  differentiated  forms  in  the 
study  population;  however,  we  cannot  conclude  the  sig¬ 
nificance  of  the  survival  difference  because  of  the  lack  of 
statistical  significance  and  relatively  small  number  in  the 
study.  Furthermore,  the  researchers  in  this  previous  study 
correlated  intracellular  insulin  levels,  not  pIR  expression 
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levels,  with  patient  survival,  which  only  suggested  that 
noncirculatory  ligands  impacted  survival. 

In  conclusion,  we  demonstrated  that  IGF-1R 
expression  was  higher  in  patients  with  SCC  or  ever-smok- 
ers  than  in  those  with  ADC  or  never-smokers.  On  the 
other  hand,  IR  expression  was  higher  in  patients  with 
ADC  than  those  with  SCC.  In  addition,  we  show  the 
prognostic  impact  of  IR  expression  on  survival  in  patients 
with  resected  NSCLC.  Given  our  current  observations 
and  the  previous  reports  supporting  a  possible  role  of  IR 
expression  in  the  resistance  mechanisms  to  IGF- IR— tar¬ 
geted  agents,  clinical  trials  are  warranted  to  assess  the  ther¬ 
apeutic  efficacy  of  co-targeting  both  IGF-1R  and  IR.  We 
believe  that  the  roles  of  the  IR  in  lung  cancer  biology  and 
tumorigenesis  should  be  important  subjects  of  future 
research. 
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Clinicopathological  and  immunohistochemical  analysis  of  spindle-cell  carcinoid  tumour  of 
the  lung 


Aims:  To  analyse  the  clinicopathological  features  and 
immunohistchemical  profile  of  spindle-cell  carcinoid 
tumours  (SCCT)  of  the  lung. 

Methods  and  results:  Using  a  cut-off  value  of  >50% 
spindle  cells  for  defining  SCCT,  13  were  indentified 
among  80  consecutively  resected  carcinoid  cases. 
SCCTs  are  asymptomatic  and  are  peripherally  located, 
well-demarcated  tumours.  Tumour  cells  were  com¬ 
posed  of  elongated  spindle  cells,  with  scant  to  moderate 
amounts  of  cytoplasm  and  uniform  nuclei  with  fine 
granular  chromatin.  Immunohistochemical  analysis 
revealed  that  all  13  cases  were  positive  for  three 
neuroendocrine  markers  (chromogranin  A,  synapto- 
physin  and  CD56).  Four  tumours  (30.7%)  were  positive 

Keywords:  carcinoid  tumour,  lung,  spindle  cell 


for  broad-spectrum  cytokeratin  (CK)  and  nine  tumours 
(69.2%)  were  positive  for  thyroid  transcription  factor  1. 
All  epithelial  components  were  negative  for  vimentin, 
but  12  tumours  (92.3%)  were  positive  for  stellate¬ 
shaped  cells  (so-called  sustentacular  cells). 

Conclusions:  SCCTs  are  clinically  asymptomatic, 
peripherally  located,  well-demarcated  tumours,  and 
patients  with  SCCTs  have  a  favourable  outcome.  The 
immunoreactivity  pattern  of  SCCT  (low  reactivity  of 
broad-spectrum  CK  and  reactivity  for  vimentin  in 
intratumor al  sustentacular  cells)  might  result  in  a 
misdiagnosis  of  SCCT  as  mesenchymal  tumour:  there¬ 
fore,  pathologists  need  to  be  familiar  with  this  pattern. 


Abbreviations:  CK,  cytokeratin;  EMA,  epithelial  membrane  antigen;  SCLC,  small  cell  carcinoma  of  the  lung;  SCCT, 
spindle-cell  carcinoid  tumours;  TTF,  thyroid  transcription  factor 


Introduction 

Carcinoid  tumours  of  the  lung  are  composed  of  a 
homogeneous  cellular  proliferation  with  an  organoid 
and  trabecular  structure.  They  are  composed  of  small- 
to  medium-sized  round  to  polygonal  cells  with  scant  to 
moderate  amounts  of  eosinophilic  cytoplasm,  and 
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centrally  located,  round  to  oval  nuclei  with  fine 
granular  chromatin.  However,  a  variety  of  morpholog¬ 
ical  features  can  be  observed  in  these  tumours, 
including  spindle,  acinic,  signet-ring,  mucin-producing 
and  oncocytic  cells.1 

Carcinoid  tumours  consisting  predominantly  of 
spindle  cells  are  relatively  uncommon.  Felton  et  al.2 
reported  the  first  case  of  spindle-cell  carcinoid  tumour 
(SCCT)  in  1953.  Although  the  definitions  of  SCCT  have 
differed,  approximately  100  cases  of  SCCT  have  been 
reported  since  this  original  description.1  1  2‘  Most 
reports  of  lung  SCCT  have  been  case  reports  or  brief 
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references  to  SCCT  in  general  accounts  of  pulmonary 
neuroendocrine  carcinomas.  In  series  analyses  of 
neuroendocrine  carcinomas,  SCCTs  have  been 
observed  to  comprise  4.5-30.2%  of  all  carcinoid 
tumours.1,9,14,22,26 

Clinically,  SCCTs  are  peripherally  located  asymptom¬ 
atic  tumours  showing  clinical  behaviour  ranging  from 
extremely  indolent8'9'16'21'23  to  more  aggressive10'13 
than  non-spindle  cell  carcinoid  tumours.  Histologically, 
SCCTs  are  arranged  in  a  vague  organoid  pattern  with 
sharply  circumscribed  borders  and  are  composed  of 
elongated  spindle  cells  with  scant  to  moderate  amounts 
of  cytoplasm  and  poorly  defined  cell  borders.  The  nuclei 
are  uniform,  with  fine  granular  chromatin  and  incon¬ 
spicuous  nucleoli. 

Because  of  the  characteristic  morphological  features 
of  SCCT,  the  differential  diagnosis  includes  many 
possibilities.  Among  them,  small  cell  carcinoma  of  the 
lung  (SCLC)  is  one  of  the  most  important  in  the 
differential  diagnosis,  because  the  clinical  behaviour 
and  treatment  modalities  of  SCLCs  are  quite  different 
from  those  of  SCCTs. 1516,23  Primary  and  metastatic 
mesenchymal  tumours  also  enter  into  the  differential 
diagnosis.11,16,23'2'  With  those  considerations,  immu- 
nohistochemical  analysis  is  useful  in  the  differential 
diagnosis.28  However,  few  articles  have  been  published 
on  analysing  the  immunohistochemical  profile  of  a 
series  of  SCCTs.23,26 

Eighty  consecutively  resected  cases  of  carcinoid 
tumours  were  analysed  to  determine  the  clinicopath- 
ological  significance  of  a  spindle-cell  component  with 
the  tumours  grouped  as  spindle-cell  component-nega¬ 
tive  (spindle-cell  components  <5%),  spindle-cell  minor 
(>5  to  <50%)  and  spindle-cell  predominant  (SCCT, 
>50%) 

Material  and  methods 

CASE  SELECTION 

Tumour  specimens  from  patients  who  were  diagnosed 
with  neuroendocrine  carcinomas  between  1990  and 
2005  were  reviewed  retrospectively.  Tumour  speci¬ 
mens  were  obtained  from  samples  deposited  in  the  files 
of  The  University  of  Texas  M.  D.  Anderson  Cancer 
Center  Lung  SPORE  Tissue  Bank  (Houston,  TX,  USA). 
This  was  approved  by  the  institutional  review  board. 
The  patients’  clinical  information  was  collected,  includ¬ 
ing  age,  gender,  presenting  symptoms,  smoking  his¬ 
tory,  tumour  location  (which  lobe  and  whether  central 
or  not),  maximum  tumour  size  (in  cm),  lymph  node 
status,  treatment  modalities,  site  of  any  tumour  recur¬ 
rence  and  duration  of  recurrence  or  survival. 


HISTOLOGICAL  EXAMINATION 

All  available  haematoxylin  and  eosin-stained  slides  in 
each  case  were  examined  and  assessed  for  the 
parameters  described  below;  the  researchers  were 
unaware  of  any  clinical  details  for  any  patient.  The 
histological  diagnosis  of  carcinoid  tumour  was  based 
on  the  classification  schema  of  the  latest  edition  of 
the  World  Health  Organization  classification.29  The 
carcinoid  tumours  were  divided  into  three  groups: 
spindle-cell  component-negative  (spindle-cell  compo¬ 
nents  <5%),  spindle-cell  minor  (>5  to  <50%)  and 
spindle-cell  predominant  (SCCT,  >50%).  Thirteen 
cases  of  SCCT  were  thereby  identified.  The  following 
pathological  features  were  evaluated  for  all  speci¬ 
mens:  the  infiltrative  growth  of  the  adjacent  normal 
architecture,  the  presence  of  blood  or  lymphatic 
vessel  invasion  and  the  presence  of  necrosis.  The 
stroma  between  the  tumour  nests  was  rich  in 
capillary  or  fibrous  tissue,  and  the  presence  of  bone 
formation  was  noted.  The  histological  features  of  the 
tumour  cells  were  also  evaluated,  including  the 
nuclear  to  cytoplasmic  ratio,  the  presence  of  giant 
cells  (more  than  one  cell/10  high-power  fields), 
chromatin  pattern  (which  was  categorized  as  fine, 
granular  or  coarse)  and  the  presence  of  conspicuous 
nucleoli. 

IMMUNOHISTOCHEMICAL  EXAMINATION 

Immunohistochemical  analysis  was  performed  on  the 
13  SCCT  cases.  For  immunohistochemistry,  4-pm-thick 
sections  were  deparaffinized.  Heat-induced  epitope 
retrieval  with  target  retrieval  solution  (Dako,  Carpin- 
teria,  CA,  USA)  was  performed.  Slides  were  allowed  to 
cool  at  room  temperature  for  about  30  min  and  then 
rinsed  with  deionized  water.  The  slides  were  then 
treated  with  3%  hydrogen  peroxide  for  20  min  to  block 
endogenous  peroxidase  activity,  followed  by  washing  in 
deionized  water  for  2-3  min.  The  slides  were  then 
incubated  with  primary  antibodies  against  chromogr- 
anin  A  (1:100,  DAK-A3;  Dako),  synaptophysin  (1:200, 
polyclonal;  Dako),  CD56  (1:200,  123C3.D5;  Neomar¬ 
kers,  Fremont,  CA,  USA),  broad-spectrum  cytokeratin 
(1:100,  MNF116;  Dako),  cytokeratin  7  (CK7;  1:100, 
OV-TL  12/30;  Dako),  epithelial  membrane  antigen 
(EMA;  1:100,  E29;  Dako),  thyroid  transcription  factor 
1  (TTF-1;  1:100,  8G7G3/1;  Dako),  vimentin  (1:200, 
V9;  Dako),  E-cadherin  (1:100,  G10;  Santa  Cruz 
Biotechnology,  Heidelberg,  Germany)  and  Ki-67 
(1:100,  MIB1;  Dako).  Immunoreactions  were 
detected  using  the  EnVison-Plus  system  (Dako)  and 
visualized  with  3,3'-diaminobenzidine,  followed  by 
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counterstaining  with  haematoxylin.  Appropriate  posi¬ 
tive  and  negative  controls  were  used  for  each  antibody. 

The  immunostaining  results  were  evaluated  on  a 
four-point  scale,  with  1+  being  reactivity  in  5-25%  of 
the  tumour  cell  population,  2+  in  26-50%  of  the  cells, 
3+  in  51-75%  of  the  cells  and  4+  in  >76%  of  the  cells. 
Staining  in  rare  scattered  individual  cells  (<5%)  was 
considered  as  a  negative  result.  Ki-67  immunoreactiv- 
ity  was  evaluated  in  positive  nuclei  of  the  highest 
labelling  region  (so-called  hot  spots)  of  1000  tumour 
nuclei.  Disagreements  regarding  the  histological  and 
immunohistochemical  factors  were  resolved  by  means 
of  a  joint  review  of  the  slides  using  a  multiheaded 
microscope. 

STATISTICAL  ANALYSIS 

All  statistical  analyses  were  performed  using  SPSS 
version  12.0  software  for  Windows  (SPSS,  Chicago, 
IL,  USA).  The  Wilcoxon  rank-sum  test  was  used  to 
analyse  the  continuous  variables  and  Fisher’s  exact  test 
to  analyse  other  clinicopathological  data.  The  recur¬ 
rence-free  survival  curves  were  derived  using  the 
Kaplan-Meier  method  and  the  curves  compared  using 


the  log-rank  test.  P  <  0.05  was  considered  to  be 
significant. 

Results 

CLINICAL  FEATURES  OF  SCCT 

The  clinicopathological  summary  of  the  13  cases  of 
SCCT  is  shown  in  Table  1.  There  were  11  cases  of 
typical  and  two  cases  of  atypical  carcinoid  tumour.  The 
patients  consisted  of  four  men  and  nine  women,  with  a 
mean  age  (at  the  time  of  diagnosis)  of  54.4  years 
(range  33-74  years).  Presenting  symptoms  were  doc¬ 
umented  in  one  of  11  patients.  Smoking  history  was 
documented  in  12  cases,  with  four  patients  each  being 
never,  former  and  present  smokers.  The  tumour  size 
ranged  from  1.0  to  13.0  cm  (mean  3.20  cm).  The 
tumour  was  located  in  the  right-upper  lobe  in  three 
patients,  the  right-middle  lobe  in  five,  the  right-lower 
lobe  in  one,  the  left-upper  lobe  in  two  and  the  left-lower 
lobe  in  two.  The  tumour  was  located  in  the  central 
portion  (second-order  bronchi)  of  the  lung  in  six 
patients  and  in  the  intermediate  (third-  or  fourth-order 
bronchi)  or  peripheral  portion  (further  distal  bronchi) 
in  seven  patients.  Lymph  node  metastasis  was  observed 


Table  1.  Clinicopathological  summary  of  13  cases  of  spindle-cell  carcinoid  tumour 


No. 

Sex 

Age 

(years) 

Symptom 

Smoking 

Size 

(cm) 

Site 

LN 

Preope  diag 

Outcome  Spindle 
Final  diag  (month)  cell  (%) 

1 

F 

37 

- 

Present 

3.1 

RUL 

C 

M 

Meta  of  sarcoma  TC 

1 

50 

2 

F 

50 

- 

Never 

4.5 

LLL 

C 

S 

- 

TC 

60 

50 

3 

M 

72 

- 

Former 

2.5 

LUL 

P 

0 

TC 

TC 

60 

60 

4 

M 

44 

Haemoptysis 

Former 

4.0 

RML 

P 

0 

- 

TC 

66 

60 

5 

F 

43 

- 

Present 

1.4 

LLL 

C 

0 

TC 

AC 

94 

60 

6 

F 

65 

- 

Former 

4.0 

RLL 

c 

0 

TC 

TC 

41 

70 

7 

F 

73 

- 

Present 

1.0 

RUL 

p 

0 

- 

TC 

169 

80 

8 

M 

40 

- 

Present 

13 

RML 

p 

0 

TC 

TC 

129 

90 

9 

F 

74 

- 

Never 

1.6 

RML 

p 

0 

TC 

TC 

116 

90 

10 

F 

40 

- 

Never 

1.6 

RML 

p 

0 

SCLC 

TC 

99 

90 

11 

F 

66 

NA 

NA 

1.6 

LUL 

p 

s 

SCLC  or  AC 

AC 

55 

100 

12 

F 

70 

- 

Never 

1.8 

RML 

c 

0 

TC 

TC 

100 

100 

13 

M 

33 

- 

Former 

1.6 

RUL 

c 

0 

- 

TC 

31 

100 

LN,  Lymph  node  metastasis;  Preope,  preoperative;  Diag,  diagnosis;  M,  male;  F,  female;  NA,  not  assessed;  RUL,  right  upper 
lobe;  RML,  right  middle  lobe;  RLL,  right  lower  lobe;  LUL,  left  upper  lobe;  LLL,  left  lower  lobe;  C,  central  portion;  P,  non-central 
portion;  TC,  typical  carcinoid;  AC,  atypical  carcinoid;  SCLC,  small  cell  carcinoma;  Meta,  metastasis. 
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in  three  patients.  Nine  patients  received  a  preoperative 
diagnosis  at  the  primary  hospital;  of  these,  six  had  a 
diagnosis  of  typical  carcinoid  tumour,  one  had  a 
diagnosis  of  SCLC  or  atypical  carcinoid  tumour,  one  a 
diagnosis  of  SCLC  and  one  a  diagnosis  of  metastasis  of 
sarcoma  (this  patient  had  a  history  of  leiomyosarcoma 
of  the  uterus).  All  13  patients  were  alive  without 
disease  recurrence  at  the  time  of  analysis. 

HISTOLOGICAL  FEATURES  OF  SCCT 

Spindle-cell  components  were  observed  in  22  cases 
(27.5%),  with  SCCT  then  diagnosed  in  13  cases 
(16.3%).  The  spindle-cell  components  were  10-100% 
(average  56.6%)  in  all  carcinoid  tumours  and  were  50- 
100%  (average  76.9%)  in  the  SCCTs.  Three  of  13  cases 
(23%)  consisted  of  only  spindle  cells.  SCCTs  were 
arranged  in  a  vague  organoid  pattern  with  sharply 
circumscribed  borders  (Figure  1A).  These  tumour  cells 
were  composed  of  elongated  spindle  cells,  with  scant  to 
moderate  amounts  of  cytoplasm  and  poorly  defined  cell 
borders,  and  with  uniform  nuclei  with  fine  granular 
chromatin  and  inconspicuous  nucleoli  (Figure  1B,C). 

Three  cases  with  lymph  node  metastasis  were 
composed  of  only  spindle  cells  in  two  cases  (primary 
site;  the  spindle-cell  component  was  100%  in  one  case 
and  50%  in  the  other  )  and  mixed  with  spindle  cells  and 
non-spindle  cells  in  one  case  (primary  site;  spindle-cell 
component  was  50%). 

CLINICOPATHOLOGICAL  DIFFERENCES  AMONG 
TUMOURS  CONSIDERED  BY  SPINDLE-CELL  GROUPING 

Clinicopathological  differences  among  the  tumours 
grouped  as  spindle-cell  component  negative  (spindle¬ 
cell  components  <5%),  spindle-cell  minor  (>5  to  <50%) 
and  spindle-cell  predominant  (SCCT,  >50%)  are  shown 
in  Table  2.  The  presence  of  symptoms  at  diagnosis  was 
observed  less  frequently  in  patients  with  SCCTs 
(P  =  0.088).  Spindle-cell  minor  tumours  and  SCCTs 
tended  to  occur  in  peripheral  lesions  (P  =  0.059). 
There  were  no  statistical  differences  in  occurrence  age 
of  occurrence,  gender,  smoking  history,  tumour  size, 
lymph  node  metastasis  or  pathological  stage  among 
these  three  groups. 

Among  the  histological  features,  SCCTs  showed  less 
infiltrative  growth  (P  =  0.002),  a  high  nuclear  cyto¬ 
plasmic  ratio  (P  =  0.001)  and  a  fine  chromatin  pattern 
(P  =  0.034).  There  were  no  statistical  differences  in 
blood  and  lymph  vessel  invasion,  gender,  presence  of 
necrosis,  pattern  of  the  stroma,  bone  formation,  pres¬ 
ence  of  giant  tumour  cells  or  presence  of  conspicuous 
nucleoli.  The  mean  follow-up  time  for  all  80  patients 


Figure  1.  Microscopic  features  of  spindle-cell  carcinoid  tumour.  A, 
Spindle-cell  carcinoid  tumour  (SCCT)  shows  sharply  circumscribed 
borders  [haematoxylin  and  eosin  (H&E)-stained].  B.  SCCT  is  arranged 
in  a  vague  organoid  pattern.  These  tumour  cells  are  composed  of 
elongated  spindle  cells  with  scant  to  moderate  amounts  of  cytoplasm 
and  poorly  defined  cell  borders  (H&E-stained).  C,  The  tumour  nuclei 
are  uniform,  with  fine  granular  chromatin  and  inconspicuous 
nucleoli  (H&E-stained). 
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Table  2.  Comparison  of  clinicopathological  features  of  13  cases  of  spindle-cell  carcinoid  tumour 


Spindle-cell  component 

Negative  <5% 

Minor  >5  to  <50% 

Predominant  >50% 

P-value 

Diagnosis 

Typical 

50 

7 

11 

0.804 

Atypical 

8 

2 

2 

Age  (years) 

53.1 

61.7 

54.4 

0.253 

Gender 

Female 

33 

7 

9 

0.397 

Male 

25 

2 

4 

Symptom 

None 

35 

4 

11 

0.088 

Present 

22 

4 

1 

Smoking 

Never 

25 

3 

4 

0.282 

Former 

23 

5 

4 

Present 

8 

0 

4 

Lobe 

Right  upper 

7 

1 

3 

0.106 

Right  middle 

5 

0 

5 

Right  lower 

20 

5 

1 

Left  upper 

9 

2 

2 

Left  lower 

16 

1 

2 

Left  main 

1 

0 

0 

Location 

Central 

40 

3 

6 

0.059 

Non-central 

18 

6 

7 

Tumour  size  (cm) 

2.98 

2.41 

3.21 

0.700 

Lymph  node  metastasis 

Absent 

46 

6 

10 

0.951 

Present 

12 

2 

3 

Pathological  stage 

1  and  II 

46 

5 

10 

0.682 

III  and  IV 

5 

1 

0 

Infiltrative  growth 

Absent 

20 

2 

11 

0.002 

Present 

38 

7 

2 
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Table  2.  ( Continued ) 


Spindle-cell  component 

Negative  <5% 

Minor  >5  to  <50% 

Predominant  >50% 

P-value 

Blood-vessel  invasion 

Absent 

31 

7 

8 

0.370 

Present 

27 

2 

5 

Lymph-vessel  invasion 

Absent 

37 

5 

9 

0.806 

Present 

21 

4 

4 

Neoplastic  necrosis 

Absent 

54 

8 

13 

0.530 

Present 

4 

1 

0 

Stroma 

Capillary 

40 

8 

9 

0.463 

Fibrous 

18 

1 

4 

Bone  formation 

Absent 

43 

9 

11 

0.180 

Present 

15 

0 

2 

Nuclear  cytoplasmic  ratio 

Low  to  moderate 

48 

6 

4 

0.001 

High 

10 

3 

9 

Giant  cell 

Absent 

45 

9 

11 

0.261 

Present 

13 

0 

2 

Chromatin  pattern 

Fine 

29 

7 

11 

0.034 

Coarse 

29 

2 

2 

Nucleolus 

Inconspicuous 

45 

8 

12 

0.387 

Conspicuous 

13 

1 

1 

was  78  months  (range  1-169  months).  There  were  no 
statistical  differences  (P  =  0.5174)  in  the  5-year  recur¬ 
rence-free  survival  among  patients  with  SCCT  (100%), 
carcinoid  with  spindle-cell  minor  (88.9%)  and  spindle¬ 
cell  negative  (90.2%)  carcinoid  tumours  (Figure  2). 

IMMUNOHISTO CHEMICAL  FINDINGS 

The  immunohistochemical  results  for  the  SCCTs  are 
shown  in  Table  3  and  Figure  3.  All  13  cases  were 


positive  for  three  neuroendocrine  markers:  chromogr- 
anin  A,  synaptophysin  and  CD 5 6.  However,  the 
distribution  of  positive  cells  for  these  three  neuroendo¬ 
crine  markers  was  variable,  with  chromogranin  A 
being  the  best  marker  for  diagnosing  SCCT  (Figure  4A). 
Immunoreactivity  of  broad-spectrum  cytokeratin 
(NMF116)  was  observed  in  only  four  cases  (30.7%), 
with  three  of  these  four  cases  showing  focal  ( <50%) 
reactivity  (Figure  4B).  CK7  was  positive  in  10  cases 
(76.2%),  with  four  cases  showing  diffuse  (>50%) 
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Figure  2.  The  recurrence-free  survival  rates  for  patients  with  spindle¬ 
cell  carcinoid  tumour  (SCCT).  The  5-year  recurrence-free  survival 
rates  for  cases  with  SCCT  (solid  line;  100%),  carcinoid  with  spindle¬ 
cell  minor  (dashed  line;  88.9%),  and  spindle-cell  negative  (square-dot 
line;  90.2%)  carcinoid  tumours,  respectively. 


reactivity  (Figure  4C).  EMA  was  positive  in  seven  cases 
(53.8%),  but  all  seven  cases  showed  focal  (<50%) 
reactivity.  Twelve  cases  showed  at  least  partial  reac¬ 
tivity  for  broad-spectrum  CK,  CK7  or  EMA.  However, 
one  case  was  negative  for  these  three  markers.  TTF-1 
was  positive  in  nine  cases  (69.2%)  but  only  one  case 
showed  diffuse  (>50%)  reactivity  (Figure  4D).  TTF-1 
was  also  positive  in  the  one  case  that  was  negative  for 
all  three  epithelial  markers.  All  epithelial  components 
were  negative  for  vimentin,  but  12  cases  (92.3%)  were 
positive  for  stellate-shaped  cells  (sustentacular  cells). 
Some  vimentin-positive  areas  occupied  about  half  the 
tumour  nests  (both  epithelial  and  sustentacular  cells; 
Figure  5A.B).  Membranous  E-cadherin  immunoreac- 
tivity  was  observed  in  10  cases  (76.2%),  but  nine  of  the 
10  cases  showed  focal  (< 50%)  reactivity.  The  mean 
proliferative  index,  assessed  by  Ki-67  staining,  was 
1.80%  (range  0.1-9. 5%). 

Discussion 

In  the  present  study,  we  report  on  the  clinicopatho- 
logical  and  immunohistochemical  characteristics  of 
SCCTs.  Spindle-cell  components  were  observed  in 
27.5%  of  the  cases.  We  set  the  cut-off  value  for 
defining  SCCT  at  >50%  spindle  cells  within  the  tumour 


Table  3.  Immunohistochemical  results  of  spindle-cell  carcinoid  tumour 


No. 

Chromogranin  A 

Synaptophysin 

CD56 

CK 

CK7 

EMA 

TTF-1 

Vimentin 

E-cadherin 

Ki-67  (%) 

1 

4 

2 

3 

0 

0 

1 

2 

SC2 

1 

9.5 

2 

4 

2 

2 

0 

3 

2 

1 

SCI 

2 

2.1 

3 

4 

2 

4 

0 

0 

0 

1 

SCI 

0 

0.3 

4 

4 

3 

4 

0 

1 

2 

4 

SC2 

1 

1.8 

5 

4 

4 

4 

0 

1 

0 

1 

SCI 

3 

1.3 

6 

3 

3 

3 

0 

3 

0 

2 

SC2 

1 

2.3 

7 

4 

3 

3 

1 

2 

1 

0 

SCI 

0 

0.3 

8 

4 

4 

4 

3 

2 

2 

2 

0 

1 

1.8 

9 

4 

4 

4 

0 

1 

0 

1 

SCI 

2 

0.1 

10 

3 

4 

4 

0 

3 

1 

0 

SCI 

1 

1.5 

11 

4 

4 

4 

1 

0 

0 

0 

SC2 

0 

1.1 

12 

4 

3 

4 

2 

2 

0 

2 

SCI 

1 

0.2 

13 

4 

4 

4 

0 

3 

1 

0 

SC2 

1 

1.1 

CK,  Cytokeratin;  EMA,  epithelial  membrane  antigen;  TTF-1,  thyroid  transcription  factor-1;  SC,  sustentacular  cell. 


©  2011  Blackwell  Publishing  Ltd,  Histopathology,  59,  526-536. 


Spindle-cell  carcinoid  tumour  of  the  lung  5  33 


Figure  3.  Bar  graphs  depicting 
the  comparative  percentages  of 
positive  immunohistochemical 
results  for  each  distribution, 
with  1+  being  reactivity  in 
5-25%  of  the  tumour  cell 
population,  2+  in  26-50%  of 
cells,  3+  in  51-75%  of  cells 
and  4+  in  >76%  of  cells. 


Chromogranin  A  CD56  CK7  TTF1  E-cadherin 

Synaptophysin  Cytokeratin  EMA  Vimentin 

□  0  □  1+  0  2+  8  3+  *4+ 


and  then  found  13  cases  (16.3%)  among  80  surgically 
resected  carcinoid  cases.  It  is  of  note  that  this  tumour 
exhibited  an  unusual  immunostaining  pattern  despite 
the  epithelial  tumour:  low  reactivity  for  the  epithelial 
marker  of  broad-spectrum  CK  and  reactivity  for  mes¬ 
enchymal  markers  of  vimentin  in  intratumoral  susten- 
tacular  cells. 

Clinically,  the  SCCTs  were  asymptomatic,  peripher¬ 
ally  located  tumours.  We  found  no  differences  in 
unfavourable  outcomes  (recurrence,  death  and  lymph 
node  metastasis)  between  patients  with  SCCTs  and 
those  with  non-SCCTs.  Some  authors  have  reported 
that  SCCTs  have  a  more  aggressive  clinical  course  than 
non-SCCTs.10'1 3  However,  other  single  case  reports  and 
series  analyses  of  SCCTs  have  reported  an  indolent 
clinical  course  for  SCCTs.16,21'23  In  addition,  we  also 
found  no  differences  in  histological  features  of  tumour 
aggressiveness  (presence  of  blood  and/or  lymphatic 
vessel  invasion)  between  SCCTs  and  non-SCCTs.  A  high 
Ki-67  index  is  a  known  unfavourable  factor  in  pulmo¬ 
nary  carcinoid  tumours/0  For  the  SCCT  cases  we 
studied,  the  mean  Ki-67  index  was  1.80%,  which  is 
within  the  range  of  previously  reported  Ki-67  indices 
for  typical  carcinoid  tumours. 3 1  These  results  indicate 
that  the  presence  of  a  spindle-cell  component  is  not  in 
itself  an  unfavourable  factor. 

Because  of  their  spindle-cell  and  neuroendocrine 
morphology,  SCCTs  need  to  be  differentiated  from 
SCLCs.1’'16,2’  Among  the  patients  in  our  study  who 
received  a  preoperative  diagnosis  at  the  primary 
hospital,  two  of  nine  cases  were  misdiagnosed  (one  as 
SCLC  and  one  as  metastasis  of  sarcoma).  SCLCs  are 


seen  most  often  in  male  smokers. 32  However,  eight  of 
12  cases  in  our  cohort  were  former  or  active  smokers. 
Tumour  location  (central  in  SCLC,  peripheral  in  SCCT) 
might  be  a  factor  in  the  differential  diagnosis.  However, 
our  data  and  previous  reports  have  shown  that  some 
SCCTs  occur  in  the  central  portion.14-16,26  Further¬ 
more,  approximately  5%  of  SCLCs  occur  in  a  peripheral 
portion. 32  Therefore,  information  regarding  smoking 
habits  and  tumour  locations  is  less  informative  for 
differential  diagnosis.  Histologically,  the  key  factors  for 
distinguishing  SCLCs  from  SCCTs  correctly  are  the 
presence  of  mitoses  and  necrosis  and  the  chromatin 
pattern.  However,  several  authors  have  reported  that  it 
is  difficult  to  distinguish  between  SCLCs  and  carcinoid 
tumours  in  small  biopsy  tissue  fragments  or  cytological 
samples.33,34  In  such  cases,  our  data  and  previous 
reports  have  shown  that  a  low  (<20%)  Ki-67  index  is 
one  of  the  most  helpful  diagnostic  markers.33 

Mesenchymal  tumours  must  also  be  considered  in 
the  differential  diagnosis  of  SCCTs.  Although  SCCT  is 
an  epithelial  tumour  we  found  that  vimentin,  which  is 
used  widely  as  a  mesenchymal  marker,  was  positive  in 
12  cases  (92.3%).  In  some  cases  vimentin-positive 
areas  occupied  about  half  of  the  tumour  nests.  Simi¬ 
larly,  one  case  report  showed  diffuse  immunoreactivity 
of  vimentin  in  SCCT,  and  these  authors  emphasized  the 
resemblance  to  monophasic  synovial  sarcoma.2'  Most 
of  the  vimentin-positive  cells  in  our  study  were 
considered  to  be  sustentacular  cells,  because  the 
positive  cells  had  a  stellate  shape  and  several  authors 
have  reported  that  18-82%  of  pulmonary  carcinoid 
tumours  contain  sustentacular  cells.35,36  We  have 
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Figure  4.  Immunohistochemical  results  for  spindle-cell  carcinoid 
tumours  (SCCT).  A,  SCCT  are  strongly  diffusely  positive  for  chro- 
mogranin  A.  B,  SCCT  are  negative  for  broad-spectrum  cytokeratin, 
but  bronchial  epithelia  are  positive  (left  lower  corner).  C.  SCCT  are 
positive  for  cytokeratin  7.  D,  SCCT  are  positive  for  thyroid  tran¬ 
scription  factor- 1. 

found  recently  that  the  presence  of  sustentacular  cells 
differs  in  the  morphological  subtypes  of  carcinoid 
tumour,  with  spindle-cell  types  being  the  most  pre¬ 
valent  subtype. 3 '  This  immunostaining  pattern  of 
SCCTs  with  regard  to  intratumoural  sustentacular  cells 
might  result  in  a  misdiagnosis  of  mesenchymal 
tumour. 

In  the  diagnosis  of  undifferentiated  tumours,  broad- 
spectrum  CK  is  one  of  the  most  useful  markers  in  a 
preliminary  immunohistochemical  panel.28  Immuno- 
reactivity  of  broad-spectrum  CK  (NMF116)  for  SCCT 
was  observed  in  only  four  cases  (30.7%)  in  our  study, 
and  three  of  these  showed  focal  (<50%)  reactivity. 
Previous  studies  have  shown  that  about  half  of 
carcinoid  cases  are  positive  for  broad-spectrum  CK, 
despite  their  epithelial  origin,1  and  SCCT  is  negative  for 


Figure  5.  A,  Vimentin-positive  area  occupies  about  half  the  area  in 
the  tumour.  B,  Vimentin-positive  cells  have  a  stellate  shape  with  long 
slender  cytoplasmic  processes.  Epithelial  components  are  negative  for 
vimentin. 

broad-spectrum  CK.23'2'  When  tumours  that  are 
highly  suspected  of  being  epithelial  in  origin  are 
negative  for  broad-spectrum  CK,  antibodies  for  EMA 
and/or  Cam5.2  are  recommended  for  the  second  panel 
to  determine  their  origin.28  In  the  present  study,  we 
found  that  EMA  was  not  useful  when  used  in 
conjunction  with  broad-spectrum  CK  to  diagnose 
SCCT.  Instead,  we  found  that  CK7  was  positive  in  10 
cases  (76.2%),  and  four  cases  showed  diffuse  (>50%) 
reactivity.  CK7  expression  rates  for  pulmonary  carci¬ 
noid  tumours  have  been  reported  to  be  22-63%. 38,39 
However,  there  are  no  reports  regarding  CK7  expres¬ 
sion  in  SCCTs.  Twelve  cases  showed  at  least  partial 
reactivity  for  broad-spectrum  CK,  CK7  or  EMA.  How¬ 
ever,  one  case  was  negative  for  these  three  markers. 

TTF1  expression  in  pulmonary  carcinoid  tumours  is 
a  matter  of  debate.  The  incidence  of  TTF-1  expression 
in  pulmonary  carcinoid  tumour  has  been  reported  to 
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range  from  0%  to  94%.26,32'40  We  found  that  TTF-1 
was  positive  in  nine  cases  (69.2%),  but  only  one  case 
showed  diffuse  (>50%)  reactivity.  Furthermore,  TTF-1 
positive  cases  included  only  the  one  case  in  which  all 
three  epithelial  markers  were  negative.  Du  et  al.26 
found  a  low  incidence  of  TTF-1  positivity  in  typical 
carcinoid  tumours  (27.8%),  but  they  found  a  high  TTF- 
1 -positive  incidence  (85.7%)  in  their  cases  with 
spindle-cell  morphology.  These  immunohistochemical 
results  support  the  recommendation  to  use  broad- 
spectrum  CK,  CK7  and/or  TTF-1  antibodies  for  the 
diagnosis  of  peripherally  located  spindle-cell  lesions  of 
the  lung. 

Of  the  three  neuroendocrine  markers  for  which  all 
13  cases  were  positive  (chromogranin  A,  synaptophy- 
sin  and  CD56),  we  recommend  the  use  of  chromogr¬ 
anin  A  for  diagnosing  pulmonary  spindle-cell  tumours, 
not  only  for  its  sensitivity  but  also  to  avoid  misdiag¬ 
nosis.  CD  5  6  is  a  well-known  and  highly  sensitive 
neuroendocrine  marker,  but  it  also  shows  reactivity  in 
synovial  sarcoma.41  A  recent  study  has  shown  that  the 
lung  is  the  second  most  frequent  location  for  synovial 
sarcoma  after  the  extremities.  Owing  to  similarities  in 
not  only  morphological  features,  but  also  clinical 
features  (younger  age  at  occurrence  compared  with 
lung  carcinoma,  and  occurrence  at  peripheral  loca¬ 
tions),  monophasic  synovial  sarcoma  is  the  most 
important  consideration  in  the  differential  diagnosis  of 
SCCT.27 

Conflict  of  interests 

No  potential  conflicts  of  interest  were  disclosed. 

Acknowledgements 

We  would  like  to  thank  Susan  Cweren  and  Denise  Woods 
for  their  skilful  technical  assistance  and  the  Department 
of  Scientific  Publications  at  M.  D.  Anderson  Cancer 
Center  for  their  help  with  English  editing.  This  work  was 
supported  in  part  by  a  grant  from  the  US  Department  of 
Defense  PROSPECT  W81XWH-07-1-0306. 

References 

1.  Travis  WD.  Linnoila  RI,  Tsokos  MG  et  nl.  Neuroendocrine  tumors 
of  the  lung  with  proposed  criteria  for  large-cell  neuroendocrine 
carcinoma:  an  ultrastructural,  immunohistochemical.  and  flow 
cytometric  study  of  35  cases.  Am.  ].  Surg.  Patlwl.  1991:  15:  529- 
553. 

2.  Felton  WL,  Liebow  AA,  Lindskog  GE.  Peripheral  and  multiple 
bronchial  adenomas.  Cancer  1953:  6;  555-567. 

3.  Kay  S.  Histologic  and  histogenetic  observations  on  the  peripheral 
adenoma  of  the  lung.  AMA  Arch.  Pathol.  1958;  65;  395-402. 


4.  Sobota  JT.  Reed  RJ.  Multiple  bronchial  adenomas.  Cushing’s 
syndrome  and  hypokalemic  alkalosis.  Dis.  Chest  1964;  46;  367- 
371. 

5.  Heimburger  IL.  Kilman  JW,  Battersby  JS.  Peripheral  bronchial 
adenomas.  /.  Thorac.  Cardiovasc.  Surg.  1966;  52;  542-549. 

6.  Gmelich  JT.  Bensch  KG,  Liebow  AA.  Cells  of  Kultschitzky  type  in 
bronchioles  and  their  relation  to  the  origin  of  peripheral 
carcinoid  tumor.  Lab.  Invest.  1967:  17;  88-98. 

7.  Dube  VE.  Peripheral  bronchial  carcinoid  with  a  spindle-cell 
pattern.  Report  of  a  case.  Arch.  Pathol.  1970;  89;  374-377. 

8.  Arrigoni  MG.  Woolner  LB,  Bernatz  PE.  Atypical  carcinoid  tumors 
of  the  lung.  J.  Thorac.  Cardiovasc.  Surg.  1972;  64;  413-421. 

9.  Salyer  DC.  Salyer  WR,  Eggleston  JC.  Bronchial  carcinoid  tumors. 
Cancer  1975;  36;  1522-1537. 

10.  Bonikos  DS,  Bensch  KG.  Jamplis  RW.  Peripheral  pulmonary 
carcinoid  tumors.  Cancer  1976;  37;  1977-1998. 

11.  Churg  A.  Large  spindle  cell  variant  of  peripheral  bronchial 
carcinoid  tumor.  Arch.  Pathol.  Lab.  Med.  1977:  101;  216-218. 

12.  Heilman  E.  Feiner  H.  The  role  of  electron  microscopy  in  the 
diagnosis  of  unusual  peripheral  lung  tumors.  Hum.  Pathol.  1978; 
9;  589-593. 

13.  Gillespie  JJ,  Luger  AM,  Callaway  LA.  Peripheral  spindled  carci¬ 
noid  tumor:  a  review  of  its  ultrastructure,  differential  diagnosis, 
and  biologic  behavior.  Hum.  Pathol.  1979;  10;  601-606. 

14.  Cooney  T,  Sweeney  EC.  Luke  D.  Pulmonary  carcinoid  tumours:  a 
comparative  regional  study.  J.  Clin.  Pathol.  1979;  32;  1100- 
1109. 

15.  McDonnell  L,  Sweeney  EC.  Spindle  cell  atypical  bronchial 
carcinoid.  Ir.  ].  Med.  Sci.  1980;  149;  66-69. 

16.  Ranchod  M,  Levine  GD.  Spindle-cell  carcinoid  tumors  of  the  lung: 
a  clinicopathologic  study  of  35  cases.  Am.  J.  Surg.  Pathol.  1980; 
4;  315-331. 

17.  Craig  ID.  Finley  RJ.  Spindle-cell  carcinoid  tumor  of  lung. 
Cytologic,  histopathologic  and  ultrastructural  features.  Acta 
Cytol.  1982;  26;  495-498. 

18.  Geller  SA,  Gordon  RE.  Peripheral  spindle-cell  carcinoid  tumor  of 
the  lung  with  type  II  pneumocyte  features.  An  ultrastructural 
study  with  comments  on  possible  histogenesis.  Am.  ].  Surg. 
Pathol.  1984;  8;  145-510. 

19.  el-Salhy  M,  Lundqvist  M,  Wilander  E.  Bronchial  carcinoids  and 
phaeochromocytomas.  A  comparative  study  with  special  empha¬ 
sis  on  S-100  protein,  serotonin  and  neuron-specific  enolase  (NSE) 
immunoreactivity.  Acta  Pathol.  Microbiol.  Immunol.  Scand  A 
1986;  94;  229-235. 

20.  Szyfelbein  WM.  Ross  JS.  Carcinoids,  atypical  carcinoids,  and 
small-cell  carcinomas  of  the  lung:  differential  diagnosis  of  tine- 
needle  aspiration  biopsy  specimens.  Diagn.  Cytopathol.  1988;  4; 
1-8. 

21.  Abdi  EA.  Goel  R.  Bishop  S,  Bain  GO.  Peripheral  carcinoid 
tumours  of  the  lung:  a  clinicopathological  study.  /.  Surg.  Oncol. 
1988;  39;  190-196. 

22.  Hasleton  PS.  al-Saffar  N.  The  histological  spectrum  of  bronchial 
carcinoid  tumours.  Appl.  Pathol.  1989;  7;  205-218. 

23.  Fekete  PS,  Cohen  C,  DeRose  PB.  Pulmonary  spindle  cell  carci¬ 
noid.  Needle  aspiration  biopsy,  histologic  and  immunohisto¬ 
chemical  findings.  Acta  Cytol.  1990;  34;  50-56. 

24.  Min  KW.  Diagnostic  usefulness  of  sustentacular  cells  in  para¬ 
gangliomas:  immunocytochemical  and  ultrastructural  investiga¬ 
tion.  Ultrastruct.  Pathol.  1998;  22;  369-376. 

25.  Hummel  P,  Cangiarella  JF,  Cohen  JM,  Yang  G,  Waisman  J. 
Chhieng  DC.  Transthoracic  fine-needle  aspiration  biopsy  of 
pulmonary  spindle  cell  and  mesenchymal  lesions:  a  study  of  6 1 
cases.  Cancer  2001:  93;  187-198. 


©  2011  Blackwell  Publishing  Ltd.  Histopathology,  59,  526-536. 


536  K  Tsuta  et  al 


26.  Du  EZ.  Goldstraw  P.  Zacharias  J  et  al.  TTF-1  expression  is  specific 
for  lung  primary  in  typical  and  atypical  carcinoids:  TTF-1- 
positive  carcinoids  are  predominantly  in  peripheral  location. 
Hum.  Pathol.  2004;  35;  825-831. 

2  7.  Zhong  Y,  Wu  S.  Andaz  S,  Danovich  S.  Lin  J.  Pulmonary  carcinoid 
tumor  masquerading  as  a  synovial  sarcoma.  Int.  ].  Surg.  Pathol. 
2011;  19;  71-74. 

28.  Bahrami  A.  Truong  LD,  Ro  JY.  Undifferentiated  tumor:  true 
identity  by  immunohistochemlstry.  Arch.  Pathol.  Lab.  Med.  2008: 
132;  326-348. 

29.  Travis  WD.  Colby  T,  Corrin  B  et  al.  Tumors  of  the  lung.  In 
Kleihues  P.  Sobin  LH,  eds.  WHO  classification  of  tumors,  pathology 
and  genetics  of  tumors  of  the  lung,  pleura,  thymus  and  heart.  Lyon. 
France:  IARC  Press,  2004:  9-124. 

30.  Costes  V.  Marty-Ane  C.  Picot  MC  et  al.  Typical  and  atypical 
bronchopulmonary  carcinoid  tumors:  a  clinicopathologic  and  KI- 
67-labeling  study.  Hum.  Pathol.  1995:  26;  740-745. 

31.  Rugge  M.  Fassan  M,  Clemente  R  et  al.  Bronchopulmonary 
carcinoid:  phenotype  and  long-term  outcome  in  a  single-institu¬ 
tion  series  of  Italian  patients.  Clin.  Cancer  Res.  2008;  14;  149- 
154. 

32.  Travis  WD,  Colby  TV,  Corrin  B  et  al.  World  Health  Organization 
international  histological  classification  of  tumors:  histological  typing 
of  lung  and  plural  tumors.  Heidelberg:  Springer,  1999. 

33.  Pelosi  G,  Rodriguez  J,  Viale  G,  Rosai  J.  Typical  and  atypical 
pulmonary  carcinoid  tumor  overdiagnosed  as  small-cell  carci¬ 
noma  on  biopsy  specimens:  a  major  pitfall  in  the  management 
of  lung  cancer  patients.  Am.  J.  Surg.  Pathol.  2005;  29;  179- 
187. 


34.  Renshaw  AA,  Haja  J,  Lozano  RL,  Wilbur  DC,  Cytology  Commit¬ 
tee,  College  of  American  Pathologists.  Distinguishing  carcinoid 
tumor  from  small  cell  carcinoma  of  the  lung:  correlating 
cytologic  features  and  performance  in  the  College  of  American 
Pathologists  Non-Gynecologic  Cytology  Program.  Arch.  Pathol. 
Lab.  Med.  2005;  129;  614-618. 

35.  Al-Khafaji  B,  Noffsinger  AE,  Miller  MA  et  al.  Immunohistologic 
analysis  of  gastrointestinal  and  pulmonary  carcinoid  tumors. 
Hum.  Pathol.  1998;  29;  992-999. 

36.  Gosney  JR,  Denley  H,  Resl  M.  Sustentacular  cells  in  pulmonary 
neuroendocrine  tumours.  Histopathology  1999;  34;  211-215. 

37.  Tsuta  K.  Raso  MG,  Kalhor  N,  Liu  DC,  Wistuba  II.  Moran  CA. 
SoxlO-positive  sustentacular  cells  in  neuroendocrine  carcinoma 
of  the  lung.  Histopathology  2011;  58;  276-285. 

38.  Chu  P,  Wu  E,  Weiss  LM.  Cytokeratin  7  and  cytokeratin  20 
expression  in  epithelial  neoplasms:  a  survey  of  435  cases.  Mod. 
Pathol.  2000;  13;  962-972. 

39.  Cai  YC,  Banner  B,  Glickman  J.  Odze  RD.  Cytokeratin  7  and  20 
and  thyroid  transcription  factor  1  can  help  distinguish  pulmo¬ 
nary  from  gastrointestinal  carcinoid  and  pancreatic  endocrine 
tumors.  Hum.  Pathol.  2001:  32;  1087-1093. 

40.  Oliveira  AM,  Tazelaar  HD,  Myers  JL.  Erickson  LA,  Lloyd  RV. 
Thyroid  transcription  factor- 1  distinguishes  metastatic  pulmo¬ 
nary  from  well-differentiated  neuroendocrine  tumors  of  other 
sites.  Am.  ].  Surg.  Pathol.  2001;  25;  815-819. 

41.  Hartel  PH.  Fanburg-Smith  JC,  Frazier  AA  et  al.  Primary  pulmo¬ 
nary  and  mediastinal  synovial  sarcoma:  a  clinicopathologic 
study  of  60  cases  and  comparison  with  five  prior  series.  Mod. 
Pathol.  2007:  20;  760-769. 


©  2011  Blackwell  Publishing  Ltd,  Histopathology.  59,  526-536. 


GENERAL  THORACIC 


Activating  Enhancer-Binding  Protein-2p  Nucleolar 
Localization  Predicts  Poor  Survival  After  Stage  I 
Non-Small  Cell  Lung  Cancer  Resection 

Min  P.  Kim,  MD,  Ying  Chen,  MD,  PhD,  B.  Nebiyou  Bekele,  PhD,  Adriana  Lopez,  MS, 
Abha  Khanna,  MA,  Jie  Qing  Chen,  MD,  Margaret  R.  Spitz,  MD,  Carmen  Behrens,  MD, 
Luisa  Solis,  MD,  Marnie  Wismach,  MD,  Lin  Ji,  PhD,  Ignacio  I.  Wistuba,  PhD, 

Jack  A.  Roth,  MD,  and  Ruth  L.  Katz,  MD 

Departments  of  Thoracic  and  Cardiovascular  Surgery,  Pathology,  Biostatistics,  Melanoma  Medical  Oncology,  Epidemiology  and 
Thoracic,  Head  and  Neck  Medical  Oncology,  University  of  Texas  MD  Anderson  Cancer  Center,  Houston,  Texas 


Background.  Activating  enhancer-binding  protein-2[) 
(AP2(i)  is  a  transcription  factor  involved  in  apoptosis. 
The  purpose  of  the  current  study  was  to  assess  the 
cellular  location  and  level  of  AP2[!  in  non-small  cell  lung 
cancer  (NSCLC)  and  normal  lung  tissue  and  investigate 
whether  the  level  and  localization  of  AP2(3  expression  is 
predictive  of  overall  survival  in  patients  with  stage  I 
NSCLC. 

Methods.  We  performed  immunohistochemical  analy¬ 
sis  of  tissue  microarrays  (TMAs)  prepared  from  stage  I 
NSCLC  specimens  with  adjacent  normal  lung  tissue 
from  two  independent  sets  of  patients  who  underwent 
lung  resection  with  curative  intent  at  our  institution.  The 
AP2(J  intensity  was  assessed  in  TMAs,  and  AP2p  stain¬ 
ing  patterns  were  classified  as  either  diffuse  or  nucleolar 
in  the  TMAs.  The  AP2p  intensity  and  localization  were 
analyzed  for  correlation  with  patients'  survival. 

Results.  Immunohistochemical  analysis  of  TMAs  sho¬ 
wed  that  the  intensity  of  AP2P  immunohistochemical  stain¬ 


The  overall  5-year  survival  rate  among  patients  with 
stage  I  non-small  cell  lung  cancer  (NSCLC)  who 
undergo  resection  with  curative  intent  ranges  from  55% 
to  72%  [1],  This  poor  survival  for  the  early  stage  cancer 
suggests  that  lung  cancer  is  very  aggressive,  and  that 
identifying  the  biomarkers  that  underlie  the  aggressive¬ 
ness  of  NSCLC  could  be  used  to  identify  patients  at  high 
risk  of  recurrence  and  death,  and  subsequently  guide 
adjuvant  therapy  decisions  to  improve  overall  survival. 

One  known  prognostic  factor  in  patients  with  stage  I 
NSCLC  is  human  telomerase  reverse  transcriptase 
(hTERT),  an  important  component  of  human  telomerase, 
the  enzyme  that  lengthens  chromosome  ends  to  prevent 
apoptosis  in  cancer  cells.  When  hTERT  is  not  expressed 
in  a  cancer  cell,  the  cell  will  reach  its  Elayflick  limit  and 
eventually  undergo  apoptosis;  when  hTERT  is  overex- 
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ing  did  not  correlate  with  overall  survival.  When  location 
of  AP2p  was  analyzed  in  TMAs,  all  of  the  normal  lung 
tissue  had  diffuse  pattern  of  AP2p.  In  the  first  set  of 
NSCLC,  patients  with  nucleolar  pattern  had  a  signifi¬ 
cantly  lower  5-year  survival  rate  than  patients  with 
diffuse  pattern  (67%  versus  100%;  p  =  0.004);  this  finding 
was  confirmed  in  the  second  set  (64%  versus  91%;  p  = 
0.02).  Multivariate  analysis  revealed  that  nucleolar  pat¬ 
tern  was  an  independent  predictor  of  poor  overall  sur¬ 
vival  in  both  sets. 

Conclusions.  The  AP2p,  which  is  located  in  the  nucle¬ 
oplasm  in  normal  lung  tissue,  is  found  in  either  nucleo¬ 
plasm  or  nucleoli  in  NSCLC.  The  patients  with  AP2P  in 
the  nucleoli  had  poor  survival  compared  with  patients 
with  AP2P  in  the  cytoplasm. 

(Ann  Thorac  Surg  2011;92:1044-50) 
©  2011  by  The  Society  of  Thoracic  Surgeons 


pressed,  telomere  length  is  maintained,  and  the  cancer 
cell  avoids  apoptosis.  The  hTERT  may  localize  in  the 
nucleoli  of  cancer  cells,  or  it  may  localize  in  the  nucleo¬ 
plasm,  where  its  telomere-lengthening  activity  occurs  [2, 
3].  In  NSCLC  patients,  hTERT  expression  has  been  asso¬ 
ciated  with  lower  rates  of  overall  and  disease-free  sur¬ 
vival  [4],  The  hTERT  expression,  as  well  as  the  expression 
of  several  other  oncogenes  [5],  is  regulated  by  the  tran¬ 
scription  factor  activating  enhancer-binding  protein-2p 
(AP2p)  [6],  which  is  involved  in  development,  differenti¬ 
ation,  and  carcinogenesis  in  mammals  [7-10].  Gene 
knockout  experiments  with  AP2p  have  shown  that  AP2p- 
deficient  mice  die  shortly  after  birth  owing  to  collecting 
duct  and  distal  tubular  epithelia  defects  caused  by  mas¬ 
sive  renal  epithelial  cell  apoptosis  [11].  These  findings 
suggests  that  AP2p  is  important  in  preventing  cell  death 
and  that  AP2(3  expression  in  NSCLC  may  lead  to  tumors 
that  are  resistant  to  signals  for  apoptosis. 

In  the  current  study,  we  investigated  whether  hTERT 
and  AP2p  colocalize  in  the  nuclei  of  NSCLC  cells  and 
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whether  the  level  and  localization  of  AP2(1  expression  is 
predictive  of  overall  survival  in  patients  with  stage  I 
NSCLC. 

Material  and  Methods 

Assessing  AP2 f3  Expression  in  Lung  Cancer  Cells 
western  blot  analysis.  Immortalized  normal  human  bron¬ 
chial  epithelial  cells  (HBECs)  and  H1299  and  A549 
NSCLC  cells  were  grown  to  80%  confluence  under  cell 
culture  conditions  as  described  previously  [12].  Cell  ly¬ 
sate  was  prepared  in  lx  Lamini/urea  buffer  containing 
62.5  mM  Tris-HCl  (pH  6.8),  2%  SDS  (w/v),  5%  glycerol,  6 
M  urea,  and  complete  protease  inhibitors  (Roche  Applied 
Science,  Indianapolis,  IN).  Protein  concentrations  were 
determined  using  the  BCA  Protein  Assay  Kit  (Thermo 
Scientific,  Waltham,  MA).  Next,  50  |xg  of  crude  protein 
extracts  were  loaded  onto  a  10%  SDS-PAGE  gel  and  run 
for  approximately  150  minutes  at  130  V.  The  separated 
proteins  were  then  transferred  to  a  nitrocellulose  mem¬ 
brane  and  run  for  1  hour  at  100  V.  The  membrane  was 
incubated  with  blocking  buffer  containing  5%  milk  in 
phosphate-buffered  saline  (PBS)  for  1  hour  at  room 
temperature.  After  blocking,  the  membrane  was  incu¬ 
bated  simultaneously  with  AP2p  and  p-actin  antibodies 
at  dilutions  of  1:2500  and  1:10000,  respectively,  in  Tris- 
buffered  saline  with  0.1%  Tween-20  and  5%  milk.  Odys¬ 
sey  secondary  antibodies  (goat  anti-rabbit  IRDye  800  and 
goat  anti-mouse  IRDye  680;  Li-COR  Biosciences,  Lincoln, 
NE)  were  added  according  to  the  manufacturer's  instruc¬ 
tions.  Blots  were  imaged  using  an  Odyssey  Infrared 
Imaging  System  (Li-COR  Biosciences). 
immunohistochemical  analysis.  For  immunohistochemis- 
try  of  the  immortalized  HBECs  and  H1299  and  A549 
NSCLC  cells,  5-pm-thick,  paraffin-fixed  cell-block  sec¬ 
tions  were  deparaffinized  in  xylene  and  rehydrated  with 
graded  alcohols.  Antigen  retrieval  was  carried  out  using 
BORG  decloaker  buffer  (Biocare  Medical,  Concord,  CA). 
Endogenous  peroxidase  activity  was  quenched  by  im¬ 
mersion  in  3%  hydrogen  peroxide  (Sigma-Aldrich,  St. 
Louis,  MO)  or  methanol  at  room  temperature.  Nonspe¬ 
cific  primary  antibody  binding  was  blocked  by  incubat¬ 
ing  the  sections  with  10%  normal  goat  serum.  The  sec¬ 
tions  were  then  incubated  with  a  rabbit  polyclonal 
antibody  against  AP2p  (1:150  dilution  [Santa  Cruz  Bio¬ 
technology,  Santa  Cruz,  CA])  overnight  at  4°C.  Next,  the 
slides  were  incubated  with  secondary  anti-rabbit  IgG- 
biotin  antibody  (1:200  dilution  [Vectastain  Elite  ABC  Kit; 
Vector  laboratories,  CA])  for  1  hour  at  room  temperature. 
Visualization  was  performed  using  chromogen  3,3'- 
diaminobenzidine  (Dako,  Carpinteria,  CA).  The  slides 
were  counterstained  with  hematoxylin  and  coverslipped 
with  PerMount.  Cell  block  sections  that  were  incubated 
without  the  primary  antibody  were  used  as  negative 
controls. 

Patients  and  Tissue  Samples 

This  retrospective  study  was  approved  by  the  University 
of  Texas  MD  Anderson  Cancer  Center  Institutional  Re¬ 
view  Board.  We  looked  at  two  independent  sets  of 


patients  with  stage  I  lung  cancer  as  the  median  follow-up 
in  our  first  set  of  patient  was  very  short.  We  considered 
that  analysis  in  a  second  group  of  patients  with  longer 
median  follow-up  would  strengthen  our  conclusions. 

patient  sets.  Two  independent  sets  that  were  created  by 
two  different  departments  at  the  MD  Anderson  Cancer 
Center  were  analyzed  for  the  study.  The  first  set  of  tissue 
microarray  was  created  from  NSCLC  specimens  (stage  I 
squamous  cell  carcinoma  and  stage  I  adenocarcinoma) 
from  126  patients  who  underwent  lung  resection  with 
curative  intent  at  MD  Anderson  Cancer  Center  between 
2002  and  2008.  Normal  lung  tissue  specimens  adjacent  to 
tumor  were  available  for  86  of  these  patients.  The  second 
set  of  tissue  microarray  was  composed  of  NSCLC  speci¬ 
mens  (stage  I  squamous  cell  carcinoma  and  stage  I 
adenocarcinoma)  from  115  patients  who  underwent  lung 
cancer  resection  with  curative  intent  at  MD  Anderson 
Cancer  Center  between  1994  and  2004.  Although  there 
was  2-year  overlap  between  the  sets,  there  were  no 
patients  who  were  in  both  sets.  NSCLC  stage  was  deter¬ 
mined  according  to  the  seventh  edition  of  the  American 
Joint  Committee  on  Cancer  lung  cancer  staging  [13]. 
Patients'  clinicopathologic  data  were  obtained  from  a 
clinical  database  derived  from  patient  charts  and  elec¬ 
tronic  medical  record. 

immunohistochemical  analysis.  Immunohistochemical 
analysis  was  performed  to  assess  the  intensity  and  loca¬ 
tion  of  AP2(1  and  location  of  hTERT  in  the  NSCLC  and 
location  of  AP2|1  in  adjacent  normal  lung  tissue  in  first 
patient  set  and  location  of  AP2p  in  second  patient  set. 
Tissue  microarrays  were  incubated  with  0.3%  hydrogen 
peroxide  for  5  minutes  to  inactivate  the  endogenous 
peroxidase  and  then  in  5%  normal  goat  serum  for  1  hour 
at  room  temperature  to  eliminate  nonspecific  protein 
binding.  The  microarrays  were  then  incubated  with  a 
rabbit  polyclonal  antibody  against  AP2[f  (1:150  dilution 
[Santa  Cruz  Biotechnology])  and  a  mouse  monoclonal 
antibody  against  hTERT  (1:40  dilution  [Novus  Biological, 
Littleton,  CO])  overnight  at  4°C.  Next,  the  microarrays 
were  washed  with  PBS  for  5  minutes  and  then  incubated 
with  a  biotinylated  second  antibody  at  room  temperature 
for  1  hour.  The  microarrays  were  then  washed  with  PBS 
for  5  minutes,  incubated  with  rabbit  Extra  Avidin  perox¬ 
idase  reagent  (Sigma-Aldrich)  for  30  minutes,  and 
washed  again  with  PBS  for  10  minutes.  Color  was  devel¬ 
oped  using  0.05%  3,3  diaminobenzine  hydrochloride 
(Sigma-Aldrich)  and  0.0006%  hydrogen  peroxide  in  PBS. 
The  microarrays  were  then  counterstained  with  Mayer's 
hematoxylin,  dehydrated,  cleared,  and  mounted.  Mi¬ 
croarrays  of  NSCLC  and  normal  lung  tissue  incubated 
with  PBS  containing  1%  bovine  serum  albumin  without 
the  primary  antibodies  were  used  as  negative  controls. 

Two  investigators  (R.K.  and  Y.C.)  independently  as¬ 
sessed  the  intensity  and  pattern  of  AP2(3  staining  and  the 
pattern  of  hTERT  staining  in  the  NSCLC  and  normal 
lung  tissue  specimens.  The  AP2p  staining  intensity 
scores  were  calculated  by  multiplying  the  percentage  of 
cells  stained  the  nucleoplasm  or  nucleoli  by  the  intensity 
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score  (1,  2,  3,  or  4)  of  the  stain.  Staining  of  the  nucleo¬ 
plasm  without  nucleoli  staining  was  labeled  as  diffuse, 
and  staining  of  several  small  nucleoli  or  a  single  large 
macronucleoli  with  or  without  nucleoplasm  staining  was 
labeled  as  nucleolar. 

Statistical  Analysis 

Statistical  analyses  were  performed  on  the  two  indepen¬ 
dently  assessed  datasets  of  AP2|3  staining  intensity  and 
pattern  and  hTERT  staining  pattern.  Identical  statistical 
methods  were  applied  for  both  sets.  The  AP2[f  staining 
patterns,  staining  intensity  score,  and  histology  were 
correlated  with  patients'  clinicopathologic  data.  The 
AP2p  and  hTERT  staining  patterns  were  analyzed  for 
correlation  using  Fisher's  exact  initial.  The  Wilcoxon  rank 
sum  initial  was  used  to  analyze  the  distribution  of  age, 
tumor  size,  and  clinicopathologic  features  according  to 
AP2p  staining  pattern  and  intensity.  The  Kruskal-Wallis 
rank  sum  test  was  used  to  assess  the  distribution  of  AP2p 
intensity  scoring  by  tumor  differentiation.  Fisher's  exact 
test  was  used  to  assess  relationships  between  AP2p 
staining  patterns  and  sex,  histology,  stage,  differentiation, 
and  smoking  status.  Pearson  correlation  was  calculated 
to  assess  the  relationship  between  AP2p  intensity  and 
age  and  tumor  size.  The  Kaplan-Meier  method  was  used 
to  estimate  patients'  overall  survival  rate,  and  the  log 
rank  test  was  used  to  compare  the  survival  distributions 
in  patients  with  diffuse  AP2p  staining  and  patients  with 
nucleolar  AP2p  staining.  Univariate  analysis  was  per¬ 
formed  on  age,  sex,  smoking  history,  histology,  tumor 
differentiation,  size  of  tumor,  AP2p  intensity,  and  AP2p 
pattern  for  survival,  and  multivariate  analysis  was  per¬ 
formed  using  standard  criteria.  Because  no  deaths  oc¬ 
curred  among  the  patients  in  the  initial  set  whose  disease 
had  diffuse  AP2p  staining.  Firth's  penalized  maximum 
likelihood  bias  reduction  method  for  the  Cox  propor¬ 
tional  hazards  regression  model  was  used  for  multivari¬ 


ate  analysis  of  overall  survival  in  these  patients.  All  p 
values  less  than  0.05  were  considered  statistically  signif¬ 
icant.  Hazard  ratios  (HR)  and  95%  confidence  intervals 
(Cl)  were  calculated  for  the  multivariate  analysis  for 
overall  survival.  All  statistical  analyses  were  performed 
using  SAS  version  9.2.0  and  S-PLUS  version  7  (SAS 
Institute,  Cary,  NC). 

Results 

AP2f3  Expression  in  Lung  Cancer  Cells 
Immunohistochemistry  and  Western  blot  revealed  that 
AP2p  levels  were  higher  in  the  H1299  and  A549  NSCLC 
cells  than  in  the  HBECs  (Fig  1). 

First  Patient  Set 

The  first  patient  set  included  59  men  and  67  women.  The 
mean  age  was  67  years.  Fifteen  patients  (12%)  were 
never-smokers.  Most  tumors  were  adenocarcinomas 
(69%),  and  most  tumors  were  either  moderately  (47%)  or 
poorly  (39%)  differentiated.  The  mean  follow-up  time 
was  23  months. 

The  AP2p  intensity  scores  did  not  correlate  with  pa¬ 
tients'  sex,  age,  or  smoking  status,  or  tumor  size,  histol¬ 
ogy,  or  differentiation  (Table  1).  The  log  rank  test  did  not 
reveal  an  association  between  AP2p  intensity  and  5-year 
overall  survival  rate  (HR,  1.001;  95%  Cl,  0.99  to  1.01). 
Thirty-five  patients  had  a  diffuse  AP2p  pattern,  and  91 
patients  had  a  nucleolar  AP2|3  pattern  (Fig  2).  We  found 
no  significant  differences  in  patient  age,  tumor  size,  or 
tumor  histology  between  patients  with  diffuse  AP2(3 
staining  and  patients  with  nucleolar  AP2|3  staining;  how¬ 
ever,  we  did  find  that  significantly  more  women  than 
men  had  a  diffuse  AP2(3  staining  pattern  (p  =  0.046;  Table 
2).  Moreover,  significantly  more  patients  with  poorly 
differentiated  adenocarcinomas  had  a  nucleolar  AP2(3 


Fig  1.  Both  (A)  A549  and  (B)  H1299  (b)  lung 
cancer  cells  have  more  activating  enhancer¬ 
binding  protein-2  fi  (AP2fi)  staining  compared 
with  (C)  control  immortalized  human  bron¬ 
chial  epithelial  cells  (HBEC).  (D)  Westem- 
blot  analysis  showed  that  AP2/3  protein  ex¬ 
pression  is  upregulated  in  the  A549  and 
H1299  lung  cancer  cells  compared  with  con¬ 
trol  immortalized  HBEC.  (Original  magnifica¬ 
tion  in  panels  A,  B,  and  C,  X100.) 
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Table  1.  Relationship  Between  Activating  Enhancer-Binding 
Protein-2p  (AP2fi)  Staining  Intensity  in  Stage  I  Non-Small 
Cell  Lung  Cancer  and  Patients'  Clinicopathologic  Features  in 
First  Patient  Set 


AP2(3  Staining  Intensity 


Characteristic 

No.  of 
Patients 

Mean  ±  SD 

Median 

(Range) 

P 

Value 

Sex 

Male 

59 

263  ±  67 

270  (88-380) 

0.52 

Female 

67 

255  ±  63 

270  (102-380) 

Tumor  histology 
Adenocarcinoma 

87 

258  ±  65 

275  (101-380) 

0.92 

Squamous  cell 
carcinoma 

39 

262  ±  65 

270  (88-380) 

Smoking  status 
Never 

15 

258  ±  71 

285  (140-370) 

0.82 

Ever 

111 

259  ±  64 

270 (88-380) 

Tumor 

differentiation3 

Well 

11 

252  ±  56 

275  (175-360) 

0.6 

Moderate 

59 

263  ±  69 

277  (88-380) 

Poor 

49 

253  ±  63 

261  (102-380) 

a  Tumor  differentiation  data  for  7  patients  were  unavailable. 


pattern  than  a  diffuse  AP2p  pattern  (p  =  0.011),  and 
significantly  more  never-smokers  had  a  diffuse  AP2(3 
pattern  than  a  nucleolar  AP2[1  pattern  (p  =  0.029).  All  86 
normal  lung  tissue  specimens  had  diffuse  AP2(3  staining 
(Fig  2). 

The  Kaplan-Meier  survival  plot  revealed  that  patients 
with  a  nucleolar  AP2p  staining  pattern  had  a  significantly 
lower  5-year  survival  rate  (67%)  than  patients  with  a 
diffuse  AP2p  staining  pattern  (100%;  p  -  0.004;  Fig  3). 
Multivariate  analysis  revealed  that  cellular  AP2p  location 
was  an  independent  predictor  of  5-year  survival  (p  = 
0.004;  HR,  13.9;  95%  Cl,  1.9  to  1756).  We  determined  the 
cellular  location  of  hTERT  in  96  patients.  Twenty-seven 
patients  had  a  diffuse  pattern  of  hTERT  staining,  and  69 
patients  had  a  nucleolar  pattern  of  hTERT  staining.  The 
hTERT  localization  and  AP2p  localization  were  corre¬ 
lated  ( p  <  0.0001). 

Second  Patient  Set 

The  second  set  included  57  men  and  58  women.  The 
mean  age  was  68  years,  and  the  majority  of  tumors  were 
adenocarcinomas  (72%).  Twenty  patients  (17%)  were 
never-smokers,  50  patients  (43%)  had  a  poorly  differen¬ 
tiated  tumor,  and  93  patients  (81%)  underwent  lobectomy 
for  NSCLC.  The  mean  follow-up  time  was  83  months. 

Thirty-five  patients  had  a  diffuse  AP2p  staining  pat¬ 
tern,  and  80  patients  had  a  nucleolar  AP2p  staining 
pattern.  We  found  no  significant  differences  in  age, 
tumor  size,  tumor  histology,  smoking  status,  tumor  dif¬ 
ferentiation,  race,  or  surgery  type  between  patients  with 
a  diffuse  AP2p  pattern  and  patients  with  a  nucleolar 
AP2(3  pattern  (Table  3).  However,  significantly  more 
women  than  men  had  a  diffuse  AP2(3  pattern  ( p  =  0.04). 
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Fig  2.  (A)  Diffuse  nuclear  activating  enhancer-binding  protein-2fi 
(AP2J8)  staining  characterized  by  nucleoplasm  staining  without  nu¬ 
cleoli  staining  in  non-small  cell  lung  cancer.  (B)  Nucleolar  AP2  ft 
staining  characterized  by  the  staining  of  several  small  nucleoli  or  a 
single  large  macronucleoli  with  or  without  nucleoplasm  staining  in 
non-small  cell  lung  cancer.  (C)  All  tumor- adjacent  normal  lung  tis¬ 
sue  specimens  had  diffuse  nuclear  AP2J8  staining.  (Original  magnifi¬ 
cation  in  panels  A,  B,  and  C,  X200.) 
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Table  2.  Relationship  Between  Activating  Enhancer-Binding 
Protein-2f)  (AP2fi)  Staining  Pattern  in  Stage  I  Non-Small 
Cell  Lung  Cancer  and  Clinicopathologic  Features  of  the  First 
Patient  Set" 


AP2(3  Staining 
Pattern 


Characteristic 

Total 
n  =  126 

Diffuse 
n  =  35 

Nucleolar 
n  =  91 

p  Value 

Mean  age  ±  SD, 

66  ±  18 

64  ±  16 

0.31 

years 

Sex 

Male 

59  (47) 

11  (31) 

48  (53) 

0.04 

Female 

67  (53) 

24  (69) 

43  (47) 

Smoking 

Never 

15  (12) 

8(23) 

7(8) 

0.03 

Ever 

111  (88) 

27  (77) 

84  (92) 

Histology 

Squamous  cell 

39  (31) 

8(23) 

31  (34) 

0.28 

carcinoma 

Adenocarcinoma 

87  (69) 

27  (77) 

60  (66) 

Differentiation13 

Well 

11  (9) 

7(20) 

4(4) 

0.01 

Moderate 

59  (47) 

17  (49) 

42  (46) 

Poor 

49  (39) 

9(26) 

40  (44) 

Mean  tumor 

2.7  ±  1 

3.2  ±  1.7 

0.24 

size  ±  SD,  cm 


a  Data  are  given  as  number  of  patients  (%)  unless  otherwise  indica¬ 
ted.  b  Tumor  differentiation  data  for  7  patients  were  unavailable. 


Table  3.  Relationship  Between  Activating  Enhancer-Binding 
Protein-2(3  (AP2fi)  Staining  Pattern  in  Stage  I  Non-Small 
Cell  Lung  Cancer  and  Clinicopathologic  Features  of  Second 
Patient  Set" 


AP2(3  Staining 
Pattern 


Characteristic 

Total 
n  =  115 

Diffuse 
n  =  35 

Nucleolar 
n  =  80 

p  Value 

Sex 

Male 

57  (50) 

12  (34) 

45  (49) 

0.04 

Female 

58  (50) 

23  (66) 

35  (38) 

Mean  age  ±  SD, 

66  ±  10 

68  ±  11 

0.32 

years 

Smoking 

Never 

20  (17) 

8(23) 

12  (15) 

0.57 

Former 

55  (48) 

15  (43) 

40  (50) 

Current 

40 (35) 

12  (34) 

28 (35) 

Histology 

Squamous  cell 

32  (28) 

10  (29) 

22  (24) 

1.00 

carcinoma 

Adenocarcinoma 

83  (72) 

25  (71) 

58  (64) 

Differentiation 

Well 

32  (28) 

10  (29) 

22  (24) 

0.30 

Moderate 

33  (29) 

11  (31) 

22  (24) 

Poor 

50  (43) 

14  (40) 

36  (40) 

Mean  tumor 

3.1  ±  1 

2.8  ±  0.9 

0.07 

size  ±  SD,  cm 


a  Data  are  given  as  number  of  patients  (%)  unless  otherwise  indicated. 


The  Kaplan-Meier  survival  plot  revealed  that  patients 
with  a  diffuse  AP2(i  pattern  had  a  significantly  higher 
5-year  survival  rate  than  did  patients  with  a  nucleolar 
AP2p  pattern  (91%  versus  64%;  p  =  0.0211;  Fig  4).  Uni¬ 
variate  and  multivariate  analyses  revealed  that  AP2(j 
staining  pattern  {p  =  0.037;  HR,  2.18;  95%  Cl,  1.05  to  1.47) 
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Fig  3.  In  the  initial  set,  patients  who  had  non-small  cell  lung  cancer 
with  a  nucleolar  activating  enhancer-binding  protein-213  (AP2f3) 
pattern  had  a  significantly  lower  5-year  survival  rate  than  patients 
who  had  non-small  cell  lung  cancer  with  a  diffuse  AP2/3  pattern 
(67%  versus  100%;  p  =  0.009). 


and  patient  age  (p  =  0.001;  HR,  1.07;  95%  Cl,  1.03  to  1.11) 
were  independent  predictors  of  5-year  survival. 

Comment 

The  AP2(1  is  a  transcription  factor  that  plays  an  important 
role  in  regulating  apoptosis  and  control  cell  division  [14]; 


Nucleolar  79  71  56  37  19  4  1 

Fig  4.  In  the  validation  set,  patients  who  had  non-small  cell  lung 
cancer  with  a  nucleolar  AP2/3  pattern  had  a  significantly  lower 
5-year  survival  rate  than  patients  who  had  non-small  cell  lung  can¬ 
cer  with  a  diffuse  AP2(3  pattern  (64%  versus  91%;  p  =  0.0211). 
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however,  there  is  limited  information  about  its  role  in 
lung  cancer.  In  our  study,  the  AP2[1  that  is  located  in  the 
nucleoplasm  in  normal  lung  tissue  was  found  in  either 
nucleoplasm  or  nucleoli  in  NSCLC,  and  the  patients  with 
AP2p  in  the  nucleoli  had  poor  survival.  Most  prognostic 
markers  for  NSCLC  are  identified  by  assessing  the  level 
of  RNA  or  a  specific  protein  in  the  tumor  and  then 
determining  whether  that  level  correlates  with  survival. 

Immunohistochemistry  studies  have  shown  that  Ki-67, 
p53,  and  Bcl-2  are  important  in  NSCLC  and  may  provide 
some  prognostic  information  [15].  We  took  a  similar 
approach  and  investigated  the  level  of  AP2[f  and  its 
relation  to  survival.  Since  presence  of  hTERT  has  been 
associated  with  survival  in  NSCLC  patients  [4],  we  ex¬ 
pected  that  the  hTERT  promoter  AP2(3  would  also  be 
associated  with  survival.  Surprisingly,  we  found  no  rela¬ 
tionship  between  the  level  of  AP2f!  and  survival.  Al¬ 
though  AP2fi  was  expressed  in  normal  lung  tissue  as  well 
as  in  NSCLC  and  higher  AP2(1  levels  were  expressed  in 
the  NSCLC  cell  lines  than  in  the  normal  cells,  AP2J5  level 
was  not  a  predictor  of  survival.  The  difference  may  be 
due  to  how  hTERT  levels  were  determined  in  previous 
study  [4].  Wang  and  coworkers  [4]  found  the  hTERT  level 
by  performing  in  situ  hybridization  for  hTERT  mRNA 
expression.  They  looked  at  the  presence  of  the  hTERT 
mRNA  in  the  cytoplasm  of  NSCLC  cells  and  found  that 
only  33%  of  the  samples  expressed  hTERT.  In  the  current 
study,  we  found  that  hTERT  was  expressed  in  76%  of  the 
samples  studied,  which  is  much  closer  to  86%  of  samples 
identified  in  other  studies  [16].  Thus,  the  in  situ  hybrid¬ 
ization  method  that  was  used  in  Wang  and  colleagues  [4] 
might  not  reflect  the  protein  levels,  and  protein  levels 
may  not  provide  prognostic  information. 

However,  in  both  sets  of  patients,  the  cellular  location 
of  AP2|3  was  a  prognostic  marker  for  survival.  In  normal 
lung  tissue  cells,  AP2fj  was  diffusely  expressed  in  the 
nucleoplasm;  in  contrast,  in  the  NSCLC  cells,  AP2(3  was 
either  diffusely  expressed  in  the  nucleoplasm  or  ex¬ 
pressed  in  the  nucleoli.  In  both  patient  sets,  AP2(1  local¬ 
ization  in  the  nucleoli,  which  plays  an  important  role  in 
ribosome  biogenesis,  was  found  to  be  an  indicator  of 
poor  prognosis.  These  findings  suggest  that  NSCLC 
tumors  are  more  resistant  to  cell  death  when  the  AP2(3  is 
localized  in  the  nucleoli.  Other  studies  have  shown  that 
apoptosis-related  proteins  are  present  in  the  nucleoli 
after  the  induction  of  cell  death  [17].  Because  AP2(3 
knockout  mice  die  from  massive  apoptosis  [11],  the 
presence  of  AP2(!  in  the  nucleoli  may  indicate  that  this 
protein  is  present  to  prevent  cell  death  and  allowing  the 
tumor  to  grow  without  any  controls. 

The  current  study  was  not  without  its  limitations.  One 
potential  limitation  was  that  the  current  study  was  retro¬ 
spective;  thus,  some  data  were  unavailable  for  analysis  such 
as  type  of  resection,  morbidity  of  the  operation,  type  of 
recurrence,  and  cause  of  death.  A  larger  issue  stemming 
from  the  retrospective  nature  of  the  study  was  that  the 
patient  groups  were  not  balanced.  In  the  first  set  of  patients, 
more  women,  never-smokers,  and  patients  with  well- 
differentiated  tumors  were  in  the  diffuse  staining  group 
than  in  the  nucleolar  staining  group,  whereas  in  the  second 


set  of  patients,  more  women  were  in  the  diffuse  staining 
group  than  in  the  nucleolar  staining  group.  To  account  for 
the  unbalanced  group,  we  used  univariate  and  multivariate 
analyses,  which  accounts  for  these  factors,  to  analyze  the 
relationship  between  different  factors  and  survival,  and  we 
found  that  AP2(3  nucleolar  localization  was  an  independent 
predictor  of  poor  survival.  Moreover,  in  the  second  patient 
set,  age  was  also  an  independent  predictor  of  survival, 
suggesting  that  patients  who  undergo  lung  cancer  resection 
are  at  a  higher  risk  of  dying  from  other  causes  such  as 
cardiovascular  disease.  Thus,  later  deaths  among  patients 
in  the  validation  set  may  have  been  due  to  factors  that  were 
independent  of  tumor  aggressiveness  but  associated  with 
advanced  age  and  its  comorbidities.  Moreover,  our  use  of 
two  independent  groups  of  patients  strengthened  the 
study,  with  findings  in  the  first  set  also  seen  in  the  second 
set  of  patients. 

In  conclusion,  the  current  study's  findings  show  that 
AP2p  colocalizes  with  hTERT  in  either  the  nucleoplasm 
or  nucleoli  of  NSCLC  cells.  Moreover,  the  AP2f3  nucleolar 
localization  was  associated  with  very  poor  survival.  The 
current  standard  of  care  for  patients  with  stage  I  NSCLC 
is  surgical  resection.  If  the  AP2(i  nucleolar  pattern  is 
indeed  an  indicator  of  poor  prognosis,  these  patients  may 
benefit  from  adjuvant  therapy  to  improve  their  survival. 
Additional  studies  are  needed  to  confirm  our  findings, 
identify  the  exact  mechanism  of  nucleolar  localization  of 
the  AP2p  and  aggressiveness  of  tumor,  and  determine 
whether  adjuvant  therapy  prolongs  survival  in  patients 
predicted  to  have  poor  prognosis. 
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INVITED  COMMENTARY 

This  study  by  Kim  and  colleagues  analyzes  the  prognos¬ 
tic  importance  of  activating  enhancer-binding  protein -2(1 
(AP2(3)  in  patients  with  lung  cancer  [1].  AP2(3,  a  transcrip¬ 
tion  factor  that  plays  an  important  role  in  regulating 
apoptosis  and  cell  division,  is  normally  located  in  the 
nucleoplasm  in  normal  lung  tissue.  In  this  study  AP2(3 
was  found  in  either  the  nucleoplasm  or  nucleoli  in  lung 
tumors,  and  the  patients  with  AP2(i  in  the  nucleoli  had 
inferior  survival.  Understanding  how  biological  factors 
function  in  lung  cancer  (such  as  AP2(3  in  this  study)  may 
improve  prognostic  stratification  of  patients  after  sur¬ 
gery;  however  this  understanding  may  also  improve  the 
selection  of  patients  for  adjuvant  therapy  and  the  devel¬ 
opment  of  specific  biological  agents. 

The  paradigm  for  the  treatment  of  non-small  cell  lung 
cancer  (NSCLC)  continues  to  shift  in  favor  of  analyzing 
biological  factors  to  estimate  prognosis,  select  therapy, 
and  predict  treatment  response.  Although  the  seventh 
edition  of  the  American  Joint  Commission  on  Cancer 
(AJCC)  recognizes  a  nonanatomic  factor  (histologic  grade 
[G])  in  the  staging  classification  for  esophageal  cancer  [2], 
the  most  recent  AJCC  staging  guidelines  remain  confined 
by  the  tumor  (T),  nodal  (N),  and  metastases  (M)  descrip¬ 
tors  [3].  Recent  and  ongoing  trials  may  yet  have  an 
impact  however.  The  majority  of  pulmonary  adenocarci¬ 
nomas  have  at  least  1  identifiable  oncogenic  mutation, 
such  as  epidermal  growth  factor  (EGFR),  KRAS,  anaplas¬ 
tic  lymphoma  kinase  (ALK),  BRAF,  and  others;  moreover 
the  majority  of  these  oncogenes  have  a  corresponding 
effective  pharmacologic  inhibitor  [4].  Oral  tyrosine  kinase 
inhibitors  to  EGFR  have  already  been  established  as  the 
treatment  of  choice  (over  cytotoxic  chemotherapy)  for 
first-line  treatment  of  stage  IV  NSCLC  in  patients  with 
EGFR  mutation  [5]  and  are  currently  being  tested  in  the 
adjuvant  setting  in  patients  with  completely  resected 
NSCLC  [6].  Similarly,  patients  with  stage  IV  disease  with 
ALK  mutations  may  also  preferentially  benefit  from  the 
ALK  inhibitor  crizotinib  [7],  an  advantage  that  may  also 
be  translated  to  the  treatment  of  early-stage  disease. 

Until  recently  the  biological  characteristics  of  NSCLC 
had  been  defined  only  by  histologic  type:  adenocarci- 
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noma,  squamous  cell  carcinoma,  large-cell  carcinoma, 
and  other  subtypes.  Until  recently  the  treatment  of 
NSCLC  has  been  guided  only  by  the  anatomic  parame¬ 
ters  of  TNM  staging.  That  era  has  ended  for  many 
patients  with  metastatic  NSCLC;  it  should  be  coming  to  a 
close  for  patients  with  resectable  NSCLC  as  well.  This 
study  and  others  that  seek  to  define  the  importance  of 
oncogenic  mutations  are  the  pathway  to  the  future. 
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Abstract 

Purpose:  The  requirement  of  frozen  tissues  for  microarray  experiments  limits  the  clinical  usage  of 
genome-wide  expression  profiling  by  using  microarray  technology.  The  goal  of  this  study  is  to  test  the 
feasibility  of  developing  lung  cancer  prognosis  gene  signatures  by  using  genome-wide  expression  profiling 
of  formalin-fixed  paraffin-embedded  (FFPE)  samples,  which  are  widely  available  and  provide  a  valuable 
rich  source  for  studying  the  association  of  molecular  changes  in  cancer  and  associated  clinical  outcomes. 

Experimental  Design:  We  randomly  selected  100  Non-Small-Cell  lung  cancer  (NSCLC)  FFPE  samples 
with  annotated  clinical  information  from  the  UT-Lung  SPORE  Tissue  Bank.  We  microdissected  tumor  area 
from  FFPE  specimens  and  used  Affymetrix  U133  plus  2.0  arrays  to  attain  gene  expression  data.  After  strict 
quality  control  and  analysis  procedures,  a  supervised  principal  component  analysis  was  used  to  develop  a 
robust  prognosis  signature  for  NSCLC.  Three  independent  published  microarray  datasets  were  used  to 
validate  the  prognosis  model. 

Results:  This  study  showed  that  the  robust  gene  signature  derived  from  genome-wide  expression 
profiling  of  FFPE  samples  is  strongly  associated  with  lung  cancer  clinical  outcomes  and  can  be  used  to 
refine  the  prognosis  for  stage  1  lung  cancer  patients,  and  the  prognostic  signature  is  independent  of  clinical 
variables.  This  signature  was  validated  in  several  independent  studies  and  was  refined  to  a  59-gene  lung 
cancer  prognosis  signature. 

Conclusions:  We  conclude  that  genome-wide  profiling  of  FFPE  lung  cancer  samples  can  identify  a  set  of 
genes  whose  expression  level  provides  prognostic  information  across  different  platforms  and  studies, 
which  will  allow  its  application  in  clinical  settings.  Clin  Cancer  Res;  17(17);  5705-14.  ©2011  AACR. 


Introduction 

Lung  cancer  is  the  leading  cause  of  death  from  cancer 
for  both  men  and  women  in  the  United  States  and  in 
most  parts  of  the  world,  with  a  5-year  survival  rate  of  15% 
(1).  Non-small-cell  lung  cancer  (NSCLC)  is  the  most 
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common  cause  of  lung  cancer  death,  accounting  for  up 
to  85%  of  such  deaths  (2).  Clinicopathologic  staging  is 
the  standard  prognosis  factor  for  lung  cancer  used  in 
clinical  practice  but  does  not  capture  the  complexity  of 
the  disease  so  that  heterogeneous  clinical  outcomes 
within  the  same  stage  are  commonly  seen.  Several  ran¬ 
domized  clinical  trials  showed  that  adjuvant  chemother¬ 
apy  improves  survival  in  resected  NSCLC  (3-7).  The  effect 
of  adjuvant  chemotherapy  on  prolonging  survival  is 
modest — only  4%  to  15%  improvement  in  5-year  survi¬ 
val — although  such  treatment  is  associated  with  serious 
adverse  effects  (6,  8).  Therefore,  it  is  of  considerable 
clinical  importance  to  have  a  robust  and  accurate  prog¬ 
nostic  signature  for  lung  cancer,  especially  in  early  stage 
lung  cancer  to  improve  the  current  clinical  decisions  on 
whether  an  individual  lung  cancer  patient  should  receive 
adjuvant  chemotherapy  or  not. 

Genome-wide  expression  profiles  have  been  used  to 
identify  gene  signatures  to  classify  lung  cancer  patients 
with  different  survival  outcomes  (9-16).  However, 
the  requirement  of  frozen  tissues  for  microarray  experi¬ 
ments  limits  the  clinical  usage  of  these  gene  signatures. 
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Translational  Relevance 

This  article  is  the  first  study  to  develop  a  robust 
prognosis  signature  for  non-small  cell  lung  cancer 
(NSCLC)  on  the  basis  of  genome-wide  expression 
profiling  of  clinically  available  formalin-fixed  and 
paraffin-embedded  (FFPE)  samples.  Although  clinical 
FFPE  tumor  samples  are  widely  available,  the  genome¬ 
wide  expression  profiling  of  FFPE  samples  has  been 
hampered  because  of  the  degradation  of  RNAs 
extracted  from  them.  In  this  article,  we  show  that 
NSCLC  FFPE-derived  signature  is  strongly  associated 
with  clinical  outcome  of  the  patients,  is  independent 
of  clinical  prognostic  variables,  and  can  be  validated  in 
several  independent  studies.  We  showed  that,  after 
strict  quality  control  and  analysis  procedures,  gen¬ 
ome-wide  profiling  of  FFPE  samples  can  actually  pro¬ 
vide  a  unique  opportunity  to  identify  a  set  of  genes 
whose  expression  level  is  less  sensitive  to  the  environ¬ 
mental  changes.  This  gene  signature  is  more  robust 
across  different  platforms  and  studies,  which  is  critical 
for  the  successful  application  of  gene  signatures  in  real 
clinical  settings. 


Furthermore,  prognostic  gene  signatures  for  NSCLC 
developed  by  different  groups  show  minimal  overlap 
and  are  often  difficult  to  reproduce  by  independent 
groups  (17,  18).  To  address  the  problem  of  requirement 
for  frozen  issues,  we  designed  this  study  to  test  the 
feasibility  of  developing  lung  cancer  prognosis  gene 
signatures  by  using  genome-wide  expression  profiling 
of  formalin-fixed  paraffin-embedded  (FFPE)  samples, 
which  are  widely  available  and  provide  a  valuable  rich 
source  for  studying  the  association  of  molecular  changes 
in  cancer  and  associated  clinical  outcomes.  We  derived  a 
prognosis  signature  for  NSCLC  from  FFPE  samples  and 
validated  it  in  several  independent  studies.  To  facilitate 
other  researchers  to  reproduce  all  results  in  this  study, 
we  have  provided  a  literate  programming  R  package. 

Materials  and  Methods 

Tissue  specimens 

The  overall  study  design  and  the  flow  chart  of  the 
derivation  and  validation  of  the  robust  gene  signature 
are  described  in  Figure  1.  We  randomly  selected  100 
NSCLC  FFPE  samples  with  annotated  clinical  information 
from  the  LIT- Lung  SPORE  Tissue  Bank  from  2001  to  2005. 
From  these  samples,  75  samples  passed  the  mRNA  quality 
control  criteria  (Supplementary  Methods).  Among  these  75 
samples,  48  samples  are  adenocarcinomas  and  27  are 
squamous  cell  carcinomas.  The  median  follow-up  time  is 
2.8  years  and  the  maximum  follow-up  time  is  6.9  years;  the 
characteristics  of  these  patients  are  summarized  in  Supple¬ 
mentary  Table  SI.  The  samples  were  obtained  under 
approval  of  the  Institutional  Review  Boards  at  MD  Ander¬ 
son  Cancer  Center. 


Sample  microdissection  and  RNA  extraction 

FFPE  tumor  specimens  were  cut  into  serial  sections 
with  a  thickness  of  10  pm.  For  the  pathologic  diagnosis, 
one  slide  was  stained  with  H&E  and  evaluated  by  a 
pathologist.  Other  sections  were  stained  with  nuclear 
fast  red  (NFR;  American  MasterTech  Scientific  Inc.)  to 
enable  visualization  of  histology.  Tumor  tissue  was  iso¬ 
lated  by  using  manual  macrodissection  when  the  tumor 
area  was  more  than  0.5  x  0.5  mm2  or  laser  capture 
microdissection  (P.A.L.M.  Microlaser  Technologies  AG) 
in  cases  of  smaller  tumor  areas.  At  least  50  mm2  of  tumor 
tissue  was  collected  from  each  FFPE  block.  The  extraction 
of  RNA  from  tissue  samples  was  done  by  a  proprietary 
procedure  of  Response  Genetics,  Inc.  (United  States 
Patent  Application  20090092979)  designed  to  optimize 
the  yield  of  higher  molecular  weight  RNA  fragments 
from  FFPE  specimens. 

Microarray  data  preprocessing  and  quality  control 

Total  RNA  was  processed  for  analysis  on  the  Asymetrix 
U133  plus  2.0  arrays  according  to  Affymetrix  protocols  for 
first-  and  second-strand  synthesis,  biotin  labeling,  and 
fragmentation.  The  quality  control  procedure  for  micro¬ 
array  data  analysis  was  based  on  the  percentage  of  present 
calls  calculated  by  the  MAS5  package.  We  selected  arrays 
with  at  least  15%  of  probe  sets  present;  55  of  75  arrays 
passed  this  quality  control  criterion  and  will  be  used  for  the 
analysis.  We  selected  probe  sets  that  are  present  on  all  55 
arrays;  1,400  genes  passed  this  criterion.  These  1,400  genes 
were  referred  as  the  robust  gene  set  (RGS),  because  the 
mRNA  expression  of  these  genes  is  robust  to  FFPE  proces¬ 
sing.  The  55  samples  and  the  1,400  genes  were  used  to 
develop  gene  signatures. 

After  microarray  analysis  QC,  we  used  the  RMA  back¬ 
ground  correction  algorithm  (19)  to  remove  nonspecific 
background  noise.  A  robust  regression  model  (20)  was 
fitted  to  the  probe  level  data,  and  the  fitted  expression 
values  for  the  probes  at  the  3'  end  were  used  to  summarize 
the  probe  set  expression  values.  Quantile-quantile  normal¬ 
ization  was  used  to  normalize  all  the  arrays.  Consortium 
microarray  raw  data  (13)  was  downloaded  from  caArray 
database  of  the  National  Cancer  Institute  (NCI)  and  pre- 
processed  by  RMA  background  correction  and  quantile- 
quantile  normalization.  All  gene  expression  values  were  log 
transformed  (on  a  base  2  scale). 

Supervised  classification  by  using  supervised 
principal  component  analysis 

Classification  was  done  by  using  supervised  principal 
component  analysis  (21,  22),  a  widely  used  classification 
method  in  biomedical  research  (23-26).  As  a  supervised 
classification  method,  each  prediction  model  was  trained 
in  a  training  dataset  and  then  the  performance  was  tested  in 
an  independent  test  dataset.  We  used  an  R  package  (version 
2.81),  Superpc  (version  1.05),  to  implement  the  prediction 
algorithm,  and  the  default  parameters  were  used.  The 
implementation  details  can  be  found  in  the  Supplementary 
Sweave  Report.  The  training  and  testing  sets  for  each 
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Figure  1.  A,  flow  chart  of  the 
derivation  and  validation  of  the 
robust  gene  signature  from  FFPE 
samples  collected  from  MD 
Anderson  UT-Lung  Cancer 
SPORE  tissue  bank  (MDACC). 

B,  flow  chart  of  the  derivation  and 
validation  of  59-gene  prognosis 
signature. 
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Validation  of  59-gene  signature 


FFPE  data 


Bhattacharjee  and  colleagues  (Fig.  5A) 
Bhattacharjee  and  colleagues  Stage  I  (Fig.  5B) 
Bild  and  colleagues  (Fig.  5C) 

Bild  and  colleagues  Stage  I  (Fig.  5D) 


prediction  model  are  summarized  in  Supplementary 
Table  S2. 

Survival  analysis 

Overall  survival  time  was  calculated  from  the  date  of 
surgery  until  death  or  the  last  follow-up  contact.  Survival 
curves  were  estimated  by  using  the  product-limit  method  of 
Kaplan-Meier  (27)  and  were  compared  by  using  the  log- 
rank  test.  The  maximum  follow-up  time  for  the  FFPE 
patient  cohort  is  less  than  7  years,  whereas  some  patients 
in  the  consortium  cohort  have  been  followed  for  up  to  17 
years.  To  avoid  the  extrapolation  of  the  prediction  model, 
the  comparison  of  survival  time  between  predicted  groups 
are  truncated  at  7  years.  The  analysis  results  without  trun¬ 
cation  can  be  seen  in  Supplementary  Sweave  Report.  Uni¬ 


variate  and  multivariate  Cox  proportional  hazards  analysis 
(28)  were  also  done,  with  survival  as  the  dependent  vari¬ 
able. 

Results 

The  robust  gene  set  defines  two  tumor  groups 

The  expression  of  these  1,400  genes  divided  the  55 
patients  into  2  groups  on  the  basis  of  unsupervised 
clustering  analysis  (with  Euclidean  distance  and  complete 
linkage  for  the  hierarchical  clustering  algorithm;  Fig.  2). 
Interestingly,  group  1  has  significantly  shorter  survival 
time  compared  with  group  2  (Fig.  2B;  HR  =  3.6,  P  = 
0.017),  and  multivariate  Cox  proportional  hazards  ana¬ 
lysis  showed  that  the  association  between  RGS  groups 
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Figure  2.  Microarray  analysis  of  the  gene  expression  profiles  from  FFPE  lung  tumor  samples.  A,  unsupervised  cluster  analysis  of  the  55  FFPE  lung  cancer 
patient  cohort  by  using  the  expression  profile  of  1,400  robust  genes  that  pass  the  microarray  quality  control  criterion.  Vertical  and  horizontal  axes 
represent  robust  genes  and  lung  cancer  patient  clusters,  respectively.  B,  Kaplan-Meier  plot  showing  the  association  of  the  expression  of  robust  genes  with 
patient  survival  P  values  were  obtained  by  using  the  log-rank  test.  Red  color  represents  sample  cluster  I  and  black  color  represents  sample  cluster  II  defined  by 
unsupervised  clustering  algorithm  by  using  robust  gene  profiling  data.  •  indicates  censored  samples.  Gene  set  enrichment  analysis  found  that  the  ER-negative 
signature  derived  from  breast  cancer  patients  is  enriched  in  group  1  defined  by  RGS  expression  (C),  and  the  ER-positive  signature  derived  from 
breast  cancer  patients  is  enriched  in  group  2  defined  by  RGS  expression  (D).  The  y-axis  shows  running  enrichment  scores  for  the  specific  gene  set  on 
the  1 ,400  preranked  genes.  The  x-axis  shows  the  rank  in  the  ordered  dataset.  The  vertical  lines  represent  the  locations  of  the  genes  that  are  in  the  specific 
gene  set. 


and  survival  (P  =  0.012)  is  independent  of  stage.  Notably, 
group  1  was  dominated  by  squamous  cell  carcinoma 
(23/28),  whereas  group  2  was  dominated  by  adenocarci¬ 
nomas  (25/27;  P<  0.0001;  Supplementary  Table  S3).  The 
other  clinical  characteristics  including  gender,  age,  and 


smoking  status  were  not  significantly  different  between 
the  2  groups.  To  explore  whether  the  association  between 
RGS  groups  and  survival  is  due  to  the  histologic  difference 
between  two  groups,  we  drew  Kaplan-Meier  curves  by 
both  histology  and  RGS  groups  (Supplementary  Fig.  SI), 
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Figure  3.  Kaplan-Meier  plots 
showing  the  predictive  power  of 
the  robust  gene  signatures.  Fifty- 
five  FFPE  tumor  samples  from  MD 
Anderson  Cancer  Center  were 
randomly  divided  into  training  (25 
samples)  and  testing  (30  samples) 
sets  (A).  Independent  validation  of 
the  robust  gene  signature  in  the 
442  frozen  sample  cohort  from 
multi-institute  consortium.  The 
microarray  datasets  were  divided 
into  2  groups,  one  for  the  training 
and  the  other  for  the  testing  cohort 
according  to  the  original  paper  (B). 
The  training  data  were  55  FFPE 
tumor  samples  and  the  testing 
dataset  were  442  frozen  sample 
cohort  from  multi-institute 
consortium.  The  testing  was  done 
for  all  patients  (C),  stage  I  patients 
(E),  stage  II  patients  (F)  and  stage 
III  patients  (G)  separately.  The 
training  data  were  the  consortium 
dataset  with  442  frozen  samples 
and  the  testing  data  were  55  FFPE 
samples  from  MD  Anderson 
Cancer  Center  (D).  P  values  were 
obtained  by  the  log-rank  test.  Red 
and  black  lines  represent 
predicted  high-  and  low-risk 
groups,  respectively.  •  indicates 
censored  samples. 


FFPE  training  to  testing 


B 


Consortium  training  to  testing 


FFPE  to  consortium,  stage  2 


FFPE  to  consortium,  stage  3 


and  it  shows  clearly  that  RGS  can  distinguish  high-  and 
low-risk  groups  within  both  adenocarcinoma  and  squa¬ 
mous  groups,  indicating  the  association  of  RGS  groups 
and  survival  is  independent  of  histology  groups. 

We  used  gene  set  enrichment  analysis  to  identify  the 
enriched  gene  sets  in  both  RGS  groups.  Interestingly,  an 
estrogen  receptor  (ER) -negative  signature  in  breast  cancer 
(29)  is  enriched  in  RGS  group  1,  meanwhile,  an  ER-positive 
signature  in  breast  cancer  (29)  is  enriched  in  RGS  group  2 
(Fig.  2C  and  D),  indicating  the  relationship  between  the  ER 
signatures  and  the  RGS  groups.  The  other  enriched  gene 
sets  are  summarized  in  Supplementary  Table  S4;  notably, 
genes  enriched  in  group  1  are  also  enriched  in  mouse 
neural  stem  cells  and  embryonic  stem  cells. 

Construct  and  validate  RGS  prognosis  signatures 

FFPE  samples  training  to  testing.  The  strong  associa¬ 
tions  between  RGS  groups  and  survival  outcomes  moti¬ 
vated  us  to  explore  whether  RGS  expression  profile  can  be 


used  to  construct  prognosis  signature.  We  randomly 
divided  55  patients  into  training  (25  samples)  and  testing 
(30  samples)  sets  and  constructed  a  prediction  model  by 
using  1,400  robust  gene  expression  values  in  the  training 
set  through  a  supervised  principle  component  approach 
(21).  Figure  3A  shows  that  the  predicted  low-risk  group  has 
significant  longer  survival  time  than  the  predicted  high-risk 
group  (P  =  0.013)  in  the  testing  set.  To  test  whether  this 
association  was  not  random,  we  randomly  split  the  data 
into  training  and  testing  sets  200  times,  repeated  the  same 
prediction  and  testing  procedures  for  each  set,  and  found 
that  the  prognosis  performance  of  RGS  signature  is  sig¬ 
nificantly  better  than  random  (P  =  0.02). 

Frozen  samples  training  to  testing.  We  then  tested 
whether  this  robust  gene  set  can  be  used  to  construct 
prognosis  signature  in  frozen  samples.  The  largest  inde¬ 
pendent  public  available  lung  cancer  microarray  dataset  is 
the  recently  published  NCI  Director's  Consortium  for  study 
of  lung  cancer  involving  442  resected  adenocarcinomas 
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(13).  From  that  study,  Affymetrix  U133A  microarray  data 
for  the  1,012  robust  genes  were  excerpted  with  388  less 
genes  than  our  FFPE  data  because  of  the  microarray  plat¬ 
form  difference.  We  used  the  same  training  and  testing 
strategy  as  in  the  original  analyses  of  these  data  (13)  for 
constructing  and  validating  prognosis  signature  through 
supervised  principal  component  approach.  The  training  set 
included  samples  from  University  of  Michigan  Cancer 
Center  (UM)  and  Moffitt  Cancer  Center  (HLM),  and  the 
testing  set  included  the  Memorial  Sloan-Kettering  Cancer 
Center  (MSKCC)  and  Dana-Farber  Cancer  Institute  (DFCI) 
samples.  This  analysis  revealed  that  the  predicted  low-risk 
group  has  significant  longer  survival  time  than  the  pre¬ 
dicted  high-risk  group  (HR  =  2.44,  P  —  0.00014)  in  the 
testing  dataset  (Fig.  3B). 

FFPE  to  frozen  samples  and  vice  versa.  Next,  we  used 
our  FFPE  and  the  consortium  datasets  as  frozen  samples  to 
investigate  whether  the  predication  model  built  from  one 
type  of  sample  can  be  validated  in  another  type  of  sample. 
Again,  the  same  supervised  principal  component  method 
was  used  to  construct  the  prediction  model.  The  prediction 
model  built  from  FFPE  samples  can  significantly  distin¬ 
guish  the  high-  and  low-risk  groups  in  frozen  samples 
(Fig.  3C;  HR  =  1.95,  P  =  5.4  x  10~7),  and  the  prediction 
model  built  from  frozen  samples  can  also  distinguish  the 
high-  and  low-risk  groups  in  FFPE  samples  but  with  mar¬ 
ginal  significance  (Fig.  3D;  HR  =  3.59,  P  =  0.068).  We  also 
tested  the  performance  of  FFPE  prediction  model  on  4 
individual  datasets  in  consortium  study  and  found  that  the 
predicted  low-risk  groups  have  longer  survival  time  com¬ 
pared  with  the  predicted  high-risk  groups  for  all  sets: 
MSKCC  dataset  (median  survival  time  6.5  vs.  3.3  years; 
HR  =  2.31,  P  =  0.0093),  DFCI  dataset  (median  survival 
time  5.9  vs.  0.9  years;  HR  =2.62  P  =  0.0076),  HLM  dataset 
(median  survival  time  3.4  vs.  2.2  years;  HR=  1.25,  P  =  0.4) 
and  UM  dataset  (median  survival  time  5.4  vs.  2.2  years; 
HR  =  1.98,  P  =  0.0011;  Supplementary  Fig.  S2).  Next,  we 
compared  the  performance  of  RGS  signature  with  previous 
published  lung  cancer  prognosis  signatures  by  using  the 
same  consortium  dataset  as  testing  set.  Shedden  and  col¬ 
leagues  (13)  showed  that  the  HRs  for  Method  A  signature 
(the  best  signature  in  their  study)  and  Chen  and  colleagues 
(11)  signatures  range  from  1.10  to  1.83  for  the  MSKCC  test 
set,  whereas  the  HR  for  our  RGS  signature  is  2.89  on  the 
same  MSKCC  test  set.  For  the  DFCI  test  set,  the  HRs  range 
from  1.76  to  2.30  by  using  the  published  signatures, 
whereas  the  HR  for  our  RGS  signature  on  the  same  DFCI 
test  set  is  2.39.  Therefore,  the  prognosis  performance  of 
RGS  prognosis  is  at  least  as  good  as  other  published 
signatures  in  the  microarray  dataset. 

The  RGS  prognosis  signature  is  independent  of 
clinical  variables 

To  test  whether  RGS  is  an  independent  prognosis  sig¬ 
nature,  we  fitted  a  multivariate  Cox  regression  model 
including  RGS  risk  scores,  age,  gender,  stage,  smoking 
status,  adjuvant  chemotherapy  usage,  and  clinical  sites  as 
covariables  for  the  consortium  dataset.  The  RGS  risk  scores 


Table  1.  The  association  between  characteris¬ 
tics  of  patients  and  RGS  risk  scores  and  survi¬ 
val  time  for  consortium  patients  on  the  basis  of 

multivariate  Cox  regression  model 

Variables 

HR  (95%  Cl) 

P 

RGS  risk  scores 

1 .300  (1 .074-1 .574) 

0.0070 

Gender  (female  vs.  male) 

0.803  (0.576-1.119) 

0.19 

Age  (continuous  in  unit 

1.571  (1.321-1.868) 

<0.0001 

of  10  y) 

Smoking  (current/former 

1.356  (0.791-2.322) 

0.27 

vs.  never) 

Stage 

Stage  II  vs.  stage  1 

2.116  (1 .433-3.126) 

0.0002 

Stage  III  vs.  stage  1 

4.855  (3.164-7.449) 

<0.0001 

Adjuvant  chemotherapy 

1.688  (1.172-2.431) 

0.0049 

(yes  vs.  no) 

Study  sites 

DFCI  vs.  UM 

1.295  (0.741-2.264) 

0.36 

HLM  vs.  UM 

1.632  (1.094-2.434) 

0.016 

MSKCC  vs.  UM 

0.657  (0.419-1 .031) 

0.068 

NOTE:  RGS  scores  were  calculated  from  the  prediction  mo¬ 
del  built  from  MD  Anderson  Cancer  Center  FFPE  samples. 

were  calculated  from  the  prediction  model  built  from  the 
FFPE  samples  set.  Table  1  shows  that  the  RGS  signature  is 
significantly  associated  with  the  survival  time  after  adjust¬ 
ing  for  other  clinical  variables  (HR  =  1.3,  P  =  0.007). 
Pathologic  stages  based  on  international  staging  system  is 
the  most  widely  used  and  important  prognosis  variable  for 
lung  cancer  patients  (30);  here  we  tested  whether  RGS 
signature  can  further  refine  the  prognosis  within  each  stage. 
The  RGS  prognosis  signature  from  FFPE  samples  was  tested 
within  each  stage  of  the  consortium  dataset.  The  results 
show  clearly  that  the  RGS  signature  is  significantly  asso¬ 
ciated  with  survival  outcome  within  each  stage  (Fig.  3E-G; 
HR  =  1.54,  P=  0.036  for  stage  I,  HR  =  1.81,  P  =  0.022  for 
stage  II  and  HR  =  1.90,  P  =  0.021  for  stage  III),  indicating 
that  the  RGS  signature  can  refine  the  prognosis  for  lung 
cancer  patients.  The  RGS  prognosis  signature  from  FFPE 
samples  was  further  tested  for  patients  with  or  without 
adjuvant  chemotherapy  separately,  and  the  results  show 
that  the  RGS  signature  is  significantly  associated  with 
survival  for  both  groups  (Supplementary  Fig.  S3A  and  B; 
HR  =  1.95,  P  =  0.015  for  patients  with  chemotherapy, 
HR  =  1 .99,  P  =  0.00062  for  patients  without  chemotherapy) . 

Refine  to  59-gene  prognosis  signature 

Among  all  the  RGS  genes,  131  genes  are  associated  with 
survival  (P  <  0.05)  in  the  FFPE  dataset,  and  365  genes  are 
associated  with  overall  survival  (P  <  0.05)  in  the  consor¬ 
tium  dataset  by  univariate  Cox  regression  analysis.  There 
is  significant  overlap  between  these  two  gene  lists  (Fig.  4A; 
59  common  genes;  P  =  0.0008,  hypergeometric  test). 
More  significant  genes  were  found  in  the  consortium  data 
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Figure  4.  Comparison  of  individual  gene  effect  across  FFPE  samples  from  MD  Anderson  Cancer  Center  and  442  frozen  samples  from  consortium.  A,  Venn 
diagram  of  genes  associated  with  overall  survival  (P  <  0.05  in  univariate  Cox  regression  models).  It  shows  59  genes  are  significantly  associated  with 
survival  in  both  FFPE  data  and  consortium  data.  B,  the  HRs  from  univariate  Cox  regression  models  for  the  59  genes  common  in  both  sets  are  consistent 
between  FFPE  set  and  consortium  set.  C,  regulatory  gene  and  protein  interaction  networks  defined  by  the  59  predictors.  Computational  molecular 
interaction  network  prediction  on  the  basis  of  genes  and  proteins  associated  with  the  significant  pathways  in  the  Ingenuity  Pathways  Knowledge  Base  (IPKB) 
by  IPA.  Interactions  between  the  different  nodes  are  given  as  solid  (direct  interaction)  and  dashed  (indirect  interaction)  lines  (edges).  This  network  received  the 
highest  score  by  IPA  and  is  mostly  centered  on  the  transcription  factors  HNF4A  and  HNF1A ,  and  ONECUT1 .  The  shaded  genes  are  the  genes  belonging 
to  59-gene  signature. 


compared  with  the  FFPE  data,  which  is  likely  due  to  the 
larger  sample  size  (n  =  442)  of  the  consortium  dataset 
compared  with  the  FFPE  dataset  sample  size  (n  =  55). 
Surprisingly,  HRs  from  the  two  datasets  are  very  consistent 
with  each  other.  All  59  genes  have  the  same  direction  of 
effects  (positive  or  negative)  on  the  survival  between  the  2 
datasets  and  the  HRs  from  2  datasets  are  highly  correlated 
(Pearson's  correlation  =  0.86;  Fig.  4B),  indicating  the  high 
consistency  of  expressions  of  these  genes  across  datasets. 
These  results  motivated  us  to  hypothesize  that  these  59 
genes  (Supplementary  Table  S5)  alone  can  be  used  for  lung 
cancer  prognosis.  To  test  this  hypothesis,  we  applied  super¬ 
vised  principal  component  analysis  to  these  59  genes  by 
using  the  FFPE  dataset  to  construct  a  59-gene  prognosis 
signature.  Because  the  selection  of  these  59  genes  used 
information  from  both  FFPE  and  consortium  datasets,  we 
used  another  2  independent  lung  cancer  datasets,  including 
the  Bild  and  colleagues  (n  =  111;  ref.  9)  dataset  and  the 
Bhattacharjee  and  colleagues  dataset  (n  =  117;  ref.  31) 
downloaded  from  the  literature  to  validate  our  59-gene 
signature.  The  59-gene  prediction  model  built  from  FFPE 
samples  can  significantly  distinguish  the  high-  and  low-risk 
groups  for  both  the  Bhattacharjee  and  colleagues  and  Bild 
and  colleagues  datasets  (Fig.  5A;  HR  =  1.81,  P  =  0.016  and 


Fig.  5C;  HR  =  2.10,  P  =  0.02,  respectively).  Furthermore, 
this  signature  can  also  significantly  distinguish  the  highl¬ 
and  low-risk  groups  within  stage  I  patients  for  both  datasets 
(Fig.  5B  and  D),  indicating  that  this  59-gene  signature  can 
refine  the  prognosis  for  lung  cancer  patients  within  stage  I 
patients.  Because  of  the  small  sample  size  for  stage  II  and 
stage  III  patients  in  Bild  and  colleagues  and  Bhattacharjee 
and  colleagues  studies,  the  59-gene  prognosis  signature  was 
not  tested  for  stage  II  and  stage  III  patients.  We  also  found 
that  59-gene  prediction  model  built  from  the  consortium 
dataset  can  also  distinguish  the  high-  and  low-risk  groups 
for  the  Bild  and  colleagues  and  Bhattacharjee  and  collea¬ 
gues  datasets  (Supplementary  Fig.  S4A-D). 

To  understand  the  potential  biological  relevance  of  these 
59  genes  significantly  associated  with  survival  in  the  FFPE 
and  consortium  datasets,  we  used  Ingenuity  Pathway  Ana¬ 
lysis  (IPA)  to  explore  which  known  regulatory  networks  are 
enriched  in  this  59-gene  set.  IPA  analysis  revealed  the  most 
significant  molecular  networks  to  be  cancer,  tumor  mor¬ 
phology,  and  respiratory  disease.  This  network  (Fig.  4C) 
includes  14  genes  of  the  59-gene  set  and  is  centered  on 
transcription  factors  HNF4A,  HNF1A,  and  ONECUT1 
( FINF6A ).  This  hepatocellular  network  has  been  implicated 
in  hepatocellular  carcinoma  as  determined  by  in  vitro  study 
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Figure  5.  Kaplan-Meier  plots 
showing  the  predictive  power  of 
the  59-gene  signature  for  2 
independent  validation  sets.  The 
training  data  were  55  FFPE  tumor 
samples  from  MD  Anderson 
Cancer  Center  and  the  testing 
dataset  was  frozen  samples  from 
lung  cancer  patients  from 
Bhattacharjee  and  colleagues  (31) 
dataset  (A),  the  stage  I  patients 
from  Bhattacharjee  and 
colleagues  dataset  (B),  frozen 
samples  from  lung  cancer  patients 
from  Bild  and  colleagues  (9) 
dataset  (C),  and  the  stage  I 
patients  from  Bild  and  colleagues 
dataset  (D).  P  values  were 
obtained  by  the  log-rank  test.  Red 
and  black  lines  represent 
predicted  high-  and  low-risk 
groups,  respectively.  •  indicates 
censored  samples. 


(32)  and  molecular  interactions  in  this  network  are  puta¬ 
tively  involved  in  lung  cancer  survival. 

Discussion 

In  this  study,  we  tested  the  feasibility  of  deriving  a  lung 
cancer  prognosis  gene  signature  from  FFPE  tumor  samples 
on  the  basis  of  genome-wide  mRNA  expression  profding. 
Although  reverse  transcriptase  PCR  methods  have  been 
used  to  measure  gene  expression  level  from  FFPE  samples 
(33-35),  the  selection  of  genes  for  testing  are  limited  to  the 
current  knowledge  base  which  is  incomplete  and  incon¬ 
sistent  (36).  Because  of  degradation  and  chemical  altera¬ 
tion  of  RNA  extracted  from  FFPE  samples,  the  use  of 
microarray  analysis  of  gene  expression  from  FFPE  samples 
has  been  hampered  (36).  New  technology  and  methodol¬ 
ogies  developed  to  extract  RNA  from  FFPE  samples  coupled 
with  new  array  platforms  have  made  it  possible  to  measure 
gene  expression  from  FFPE  samples  (33,  37-40).  A  recent 
study  showed  the  feasibility  of  using  DNA-mediated 
annealing,  selection,  extension,  and  ligation  arrays  with 
6,100  preselected  genes  to  profile  mRNA  expression  from 
hepatocellular  carcinoma  tissue  (41).  No  prognosis  signa¬ 
ture  for  other  types  of  cancer  has  been  developed  by  using 


microarray  analysis  of  gene  expression  from  FFPE  extracted 
RNA.  In  this  study,  we  built  a  robust  gene  signature  for 
NSCLC  on  the  basis  of  microarray  analysis  of  FFPE  sam¬ 
ples.  We  claim  that  this  is  a  robust  gene  signature  because  it 
has  been  validated  in  6  independent  published  datasets, 
including  4  sets  from  the  consortium  study  and  2  addi¬ 
tional  studies  from  DFCI  and  Duke.  We  also  built  a  pre¬ 
diction  model  by  using  the  same  set  of  robust  genes  from 
frozen  samples  and  validated  the  model  in  both  frozen  and 
FFPE  samples. 

Most  published  gene  signatures  identified  from  differ¬ 
ent  studies  are  usually  very  different  and  with  little  over¬ 
lap.  However,  we  found  that  there  is  significant  overlap 
among  the  robust  genes  associated  with  survival  out¬ 
comes  between  the  FFPE  dataset  and  the  consortium 
dataset  (P  =  0.008).  More  impressively,  the  HRs,  indicat¬ 
ing  the  strength  of  the  association  of  genes  expression  and 
survival  time,  are  highly  consistent  between  2  indepen¬ 
dent  datasets.  Our  interpretation  for  this  consistency 
across  studies  is  that  the  gene  expression  variation  across 
studies  is  a  major  contribution  to  signature  differences 
across  studies.  In  this  study,  we  used  strict  quality  steps  to 
exclude  genes  that  were  not  expressed  in  our  FFPE  sam¬ 
ples.  This  allowed  for  analysis  of  the  remaining  genes 
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Robust  Prognosis  Signature  from  Fixed  Tissue 


which  had  more  stable  expression  patterns  and  were  more 
robust  to  environment  changes.  Validation  of  our  novel 
59-gene  signature  prognostic  for  NSLC  survival  in  2 
additional  independent  datasets  further  confirmed  the 
robustness  of  these  genes. 

By  grouping  our  RGS  of  1,400  genes  by  gene  expression, 
we  found  that  the  group  expression  levels  correlated  with 
survival.  Interestingly,  group  1  had  a  shorter  survival  and 
contained  an  ER-negative  breast  cancer  signature.  Group  2 
had  a  longer  survival  and  contained  an  ER-positive  breast 
cancer  signature.  This  correlation  with  ER  status  and  survi¬ 
val  has  been  shown  previously  in  breast  cancer  and  shown 
to  have  predictive  power  for  prognosis  (29).  In  addition  to 
ER  status,  the  RGS  groups  were  separated  by  the  presence  of 
stem  cell  signatures  (embryonic  stem  cell  signature  and 
neural  stem  cell  signature),  with  group  1  (shorter  survival) 
having  2  stem  cell  signatures,  whereas  group  2  (longer 
survival)  did  not.  The  embryonic  stem  cell  signature  has 
previously  been  shown  to  be  associated  with  poor  prog¬ 
nosis  of  NSCLC  (42).  In  addition,  in  mouse  models,  a 
hematopoietic  and  neural  stem  cell-like  signature  in  pri¬ 
mary  tumors  has  been  shown  to  be  a  predictor  of  poor 
prognosis  in  1 1  types  of  cancer,  including  lung  (43).  These 
ER  status  and  stem  cell  signature  data  support  our  RGS 
expression  groupings  and  their  correlation  with  survival 
prognosis. 

Besides  the  prognostic  signature,  the  predictive  signa¬ 
tures  to  determine  the  optimal  chemotherapy  regimen  for 
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Abstract 

Purpose  To  evaluate  the  maximum  tolerated  dose 
(MTD),  safety,  and  antitumor  activity  of  sunitinib  com¬ 
bined  with  paclitaxel  and  carboplatin. 

Methods  Successive  cohorts  of  patients  with  advanced 
solid  tumors  received  oral  sunitinib  (25, 37.5,  or  50  mg)  for  2 
consecutive  weeks  of  a  3- week  cycle  (Schedule  2/1)  or  as  a 
continuous  daily  dose  for  3-week  cycles  (CDD  schedule)  in 
combination  with  paclitaxel  (175-200  mg/m2)  plus  carbo¬ 
platin  (AUC  6  mg  min/ml)  on  day  one  of  each  of  4  cycles. 
Dose-limiting  toxicities  (DLTs)  and  adverse  events  (AEs) 
were  evaluated  to  determine  the  MTD.  Efficacy  parameters 
were  analyzed  in  patients  with  measurable  disease. 

Results  Forty-three  patients  were  enrolled  (n  =  25  Sche¬ 
dule  2/1;  n  —  18  CDD  schedule).  Across  all  doses,  6  DLTs 
were  observed  [grade  4  papilledema,  grade  5  GI  hemor¬ 
rhage,  grade  3  neutropenic  infection,  and  grade  4  throm¬ 
bocytopenia  ( n  =  3)].  The  MTD  for  Schedule  2/1  was 
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sunitinib  25  mg  plus  paclitaxel  175  mg/m2  and  carboplatin 
AUC  6  mg  min/ml.  The  MTD  was  not  determined  for  the 
CDD  schedule.  Treatment-related  AEs  included  neutrope¬ 
nia  (77%),  thrombocytopenia  (56%),  and  fatigue  (47%).  Of 
38  evaluable  patients,  4(11%)  had  partial  responses  and  12 
(32%)  had  stable  disease.  PK  data  indicated  an  increase  in 
maximum  and  total  plasma  exposures  to  sunitinib  and  its 
active  metabolite  when  given  with  paclitaxel  and  carbo¬ 
platin  compared  with  sunitinib  monotherapy. 

Conclusions  Myelosuppression  resulting  in  prolonged 
dose  delays  and  frequent  interruptions  was  observed,  sug¬ 
gesting  that  this  treatment  combination  is  not  feasible  in 
the  general  cancer  population. 

Keywords  Sunitinib  ■  Phase  I  •  Solid  tumor  •  NSCLC  • 
Antiangiogenesis  •  Chemotherapy 

Introduction 

Carboplatin  and  paclitaxel  are  frequently  combined  to  treat 
a  broad  range  of  solid  tumor  types,  including  ovarian 
cancer  and  non-small-cell  lung  cancer  (NSCLC).  Efficacy 
of  chemotherapy  is  limited,  however,  especially  in 
advanced  cancer  [1,2].  Consequently,  there  is  considerable 
interest  in  developing  innovative  treatment  strategies,  with 
one  common  approach  being  the  combination  of  agents 
with  different  mechanisms  of  action  such  as  chemotherapy 
with  molecularly  targeted  drugs. 

Vascular  endothelial  growth  factor  (VEGF)  and  platelet- 
derived  growth  factor  (PDGF)  signaling  pathways  play  a 
critical  role  in  angiogenesis  and  have  been  identified  as 
therapeutic  targets  for  multiple  solid  tumors  [3,  4],  The 
targeted  antiangiogenic  agent  bevacizumab,  an  anti- VEGF 
monoclonal  antibody,  has  shown  encouraging  antitumor 
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activity  when  combined  with  chemotherapy  in  patients 
with  solid  tumors  [5-7].  In  a  randomized  phase  III  study  in 
NSCLC,  overall  survival  was  improved  in  patients  treated 
with  paclitaxel,  carboplatin,  and  bevacizumab  compared  to 
patients  treated  with  paclitaxel/carboplatin  alone  [8]. 

In  addition  to  inhibition  of  VEGF,  evidence  suggests  that 
inhibiting  multiple  signaling  pathways  in  parallel,  such  as 
VEGF  and  PDGF  pathways,  may  be  more  effective  than 
inhibiting  single  pathways  in  isolation  [9,  10].  Sunitinib 
malate  (SUTENT®)  is  an  oral  multitargeted  tyrosine  kinase 
inhibitor  (TKI)  of  VEGF  and  PDGF  receptor  (VEGFR  and 
PDGFR)  subtypes,  stem  cell  factor  receptor  (KIT),  FMS- 
like  tyrosine  kinase  (FLT3),  glial  cell  line-derived  neuro¬ 
trophic  factor  (REarranged  during  Transfection  [RET]),  and 
colony-stimulating  factor  1  receptor  (CSF-1R)  [11,  12]. 
Sunitinib  is  currently  approved  for  treatment  of  advanced 
renal  cell  carcinoma  (RCC)  and  imatinib-resistant/imatinib- 
intolerant  gastrointestinal  stromal  tumor  (GIST)  [13-15], 

The  primary  objective  of  this  phase  I  study  was  to  assess 
the  maximum  tolerated  dose  (MTD)  and  overall  safety  of 
sunitinib  administered  on  two  different  schedules  in  com¬ 
bination  with  paclitaxel  and  carboplatin,  for  the  treatment 
of  patients  with  advanced  solid  tumors.  Secondary  objec¬ 
tives  included  evaluation  of  the  pharmacokinetics  (PK)  of 
the  combination  and  antitumor  activity  in  patients  with 
measurable  disease. 


Materials  and  methods 

Patient  eligibility 

Patients  >18  years  with  advanced  solid  tumors  refractory 
to  standard  therapy  or  for  which  no  curative  therapy  exists 
were  eligible  if  they  were  considered  suitable  for  treatment 
with  standard  doses  of  carboplatin  and  paclitaxel  and  had  a 
life  expectancy  of  >12  weeks.  A  maximum  of  two  prior 
chemotherapy  regimens  was  permitted.  Additional  inclu¬ 
sion  criteria  included  an  Eastern  Cooperative  Oncology 
Group  performance  status  (ECOG  PS)  of  0  or  1  and  ade¬ 
quate  organ  function.  Exclusion  criteria  included  prior 
treatment  with  high-dose  chemotherapy  requiring  stem  cell 
rescue  or  prior  irradiation  to  >25%  of  bone  marrow;  and 
surgery,  systemic  therapy,  or  any  investigational  agent 
within  4  weeks  prior  to  starting  study  treatment  (except 
palliative  radiotherapy).  Other  exclusion  criteria  included 
history  of  untreated  brain  metastases  and  severe  acute  or 
chronic  cardiovascular  abnormalities. 

Study  design  and  treatment 

In  this  phase  I,  open-label,  multicenter,  dose-finding  study 
(3  +  3  design),  patients  were  scheduled  to  receive  sunitinib 


in  combination  with  paclitaxel  and  carboplatin  for  4  cycles. 
A  treatment  cycle  consisted  of  3  weeks  of  once-daily 
dosing  of  oral  sunitinib  given  on  either  Schedule  2/1  (2  weeks 
on  treatment  followed  by  1  week  off  treatment)  or  on  a 
continuous  daily  dosing  (CDD)  schedule,  in  combination 
with  intravenous  (iv)  paclitaxel  and  carboplatin  adminis¬ 
tered  once  every  21  days.  The  starting  doses  of  each  drug 
were  sunitinib  25  mg/day,  paclitaxel  175  mg/m",  and  car¬ 
boplatin  area  under  the  curve  (AUC)  6  mg  min/ml. 

The  MTD  was  defined  as  the  highest  dose  at  which  0/6 
or  1/6  patients  experienced  a  dose-limiting  toxicity  (DLT) 
during  the  first  cycle,  with  at  least  2/3  or  2/6  patients 
experiencing  a  DLT  at  the  next  higher  dose  level.  In  gen¬ 
eral,  treatment-related  grade  3  or  4  toxicities  were  con¬ 
sidered  DLTs  including:  grade  4  neutropenia  lasting 
>7  days,  febrile  neutropenia  lasting  >24  h,  neutropenic 
infection,  grade  >3  thrombocytopenia  with  bleeding  or 
grade  4  thrombocytopenia  lasting  >7  days,  lymphopenia 
accompanied  by  an  infection,  and  grade  3  or  4  non-hematologic 
toxicities  lasting  >7  days.  Persistent  nausea,  vomiting,  or 
diarrhea  (despite  maximal  medical  therapy)  were  also 
considered  DLTs. 

Escalating  doses  of  sunitinib  and  paclitaxel  and  carbo¬ 
platin  were  first  studied  on  sunitinib  Schedule  2/1  starting 
at  dose  level  1  (Table  1).  According  to  the  protocol,  once 
the  DLT  assessment  period  was  completed  on  dose  level  1 
of  Schedule  2/1,  the  sunitinib  CDD  schedule  was  evalu¬ 
ated,  starting  at  dose  A  (Table  1).  Dose  escalation  occurred 
as  summarized  in  Table  1.  Once  the  MTD  was  determined 
for  both  sunitinib  treatment  schedules,  additional  patients 
were  to  be  enrolled  at  the  MTD(s)  to  better  characterize 
safety  and  antitumor  activity.  In  addition,  there  was  the 
option  to  enroll  further  subjects  at  specific  dose  levels  to 
further  explore  the  observed  toxicity  and  PK  profile.  Fur¬ 
ther  details  relating  to  the  dose-escalation  decisions  made 
during  the  trial  are  described  in  the  “Results”  section. 

Patients  could  be  treated  with  4  cycles  of  combination 
therapy  until  disease  progression,  unacceptable  toxicity,  or 
withdrawal  of  consent.  Dose  reductions  were  permitted  at  the 
discretion  of  the  investigators.  Patients  deriving  clinical 
benefit  upon  completion  of  4  cycles  could  continue  to  receive 
sunitinib  alone  under  a  separate  continuation  protocol. 

All  patients  provided  written  informed  consent.  The 
study  was  performed  with  institutional  ethics  committee 
approval,  and  in  accordance  with  International  Conference 
on  Harmonization  Good  Clinical  Practice  guidelines,  the 
Declaration  of  Helsinki  (1996  Version),  and  applicable 
local  and  Federal  regulatory  requirements  and  laws. 

Study  endpoints  and  assessments 

The  primary  endpoints  were  the  MTD  and  overall  safety  of 
the  combination.  Secondary  endpoints  included  PK 
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Table  1  Planned  dose  levels  and  observed  dose-limiting  toxicides 

Dose  level3  Paclitaxel  Carboplatin  Sunitinib  n 

(mg/m2)  (mg  min/ml)  (mg)  (n  evaluable  for  DLT) 

DLTs 

Schedule  2/lb 

1 

175 

6 

25 

9(7) 

Grade  4  papilledema  (n  =  1) 

2 

175 

6 

37.5 

13  (10) 

Grade  5  gastrointestinal  hemorrhage  (n  =  1) 
Grade  4  thrombocytopenia  (n  =  2) 

Grade  3  neutropenic  infection  (n  =  1) 

3 

200 

6 

37.5 

3  (3) 

None 

CDD  schedule0 

A 

175 

6 

25 

3  (3) 

None 

B 

175 

6 

37.5 

9(9) 

None 

Cd 

175 

6 

50 

2(2) 

Grade  4  thrombocytopenia  (n  =1) 

Bld 

200 

6 

25 

4(4) 

None 

CDD  continuous  daily  dosing,  DLT  dose-limiting  toxicity 

a  Patients  started  sunitinib  on  day  3  and  chemotherapy  on  day  1  of  cycle  1 .  During  subsequent  cycles,  patients  started  both  chemotherapy  and 
sunitinib  on  day  1 

If  0/3  patients  experienced  a  DLT  during  cycle  1,  subjects  were  enrolled  onto  the  next  dose  level 

If  1/3  subjects  experienced  a  DLT  during  cycle  1,  the  cohort  was  expanded  to  a  total  of  n  =  6  patients.  If  1/6  subjects  experienced  a  DLT,  then 
dose  escalation  continued  and  subjects  were  enrolled  in  the  next  dose  level 

If  >2  subjects  in  any  cohort  experienced  a  DLT  during  cycle  1,  then  the  MTD  had  been  exceeded  and  cohorts  in  preceding  dose  levels  could  be 
expanded  to  a  total  of  n  =  6  patients  until  the  MTD  was  identified 

If  there  was  interest  in  further  exploring  the  toxicity  profile  observed  at  a  specific  dose  level  and  2  DLTs  were  observed  in  the  initial  6  patients 
enrolled,  an  additional  3  patients  could  be  enrolled.  If  no  additional  DLTs  were  observed,  dose  escalation  could  continue  after  discussion 
between  the  sponsors  and  investigators 

b  On  Schedule  2/1,  the  MTD  was  determined  as  sunitinib  25  mg/day  plus  paclitaxel  175  mg/m2  and  carboplatin  AUC  6  mg  min/ml 
c  MTD  was  not  determined  on  the  CDD  schedule 
d  Patients  were  enrolled  concurrently  onto  doses  C  and  B 1 


parameters  and  assessment  of  antitumor  activity.  Safety  was 
assessed  by  recording  adverse  events  (AEs),  graded  using 
National  Cancer  Institute  Common  Terminology  Criteria 
for  Adverse  Events  (NCI  CTCAE),  version  3.0.  Hematol¬ 
ogy  and  blood  chemistry  parameters  were  also  monitored  at 
baseline  and  throughout  the  study.  Other  safety  assessments 
included  physical  examinations  and  vital  signs,  and  12-lead 
electrocardiograms  (ECG)  performed  at  screening,  during 
cycle  1,  and  at  end  of  treatment. 

Tumor  assessments  were  performed  at  screening  and  at 
the  end  of  cycles  2  and  4,  and  whenever  disease  progres¬ 
sion  was  suspected  according  to  Response  Evaluation 
Criteria  In  Solid  Tumors  (RECIST)  [16].  Objective  tumor 
response  was  assessed  in  patients  with  measurable  disease. 

Full  PK  profiles  were  obtained  on  Schedule  2/1  from  5 
patients  receiving  dose  level  1,  4  patients  receiving  dose 
level  2,  and  2  patients  receiving  dose  level  3.  On  the  CDD 
schedule,  full  PK  profiles  were  obtained  from  1  patient 
receiving  dose  level  A  and  5  patients  receiving  dose  level  B 
(dose  levels  described  in  Table  1).  Plasma  samples  for  PK 
analyses  were  analyzed  using  validated  analytical  methods. 
Sunitinib  and  its  primary  metabolite,  SU 12662,  were 
assayed  using  LC-MS/MS  (assay  dynamic  range  was 


0.100-60.0  ng/ml  for  sunitinib  and  0.100-20.0  ng/ml  for 
SU12662).  Paclitaxel  was  assayed  using  LC-MS/MS  with 
solid  phase  extraction;  the  assay  had  a  dynamic  range  of 
10.0-2,000  ng/ml.  Carboplatin  was  assayed  using  ICP/MS 
(assay  dynamic  range  was  2.00-1,000  ng/ml). 

PK  parameters  for  sunitinib,  SU  12662,  total  drug  (sun¬ 
itinib  plus  SU  12662),  paclitaxel,  and  carboplatin  are 
reported  for  paired  observations.  On  Schedule  2/1,  patients 
received  a  single  dose  of  sunitinib  7  days  prior  to  the  start 
of  cycle  1  (day-7).  Following  this  dose,  24-h  plasma 
samples  were  taken  to  assess  sunitinib  and  SU  12662  PK. 
During  cycle  1,  paclitaxel  and  carboplatin  were  given  on 
day  1  and  sunitinib  was  started  on  day  3  and  given  through 
cycle  1,  day  16.  This  dosing  schedule  allowed  PK  data  to 
be  collected  for  sunitinib  alone  (day  7),  paclitaxel  and 
carboplatin  alone  (cycle  1,  day  1),  and  sunitinib  plus  pac¬ 
litaxel  and  carboplatin  (cycle  2,  day  1).  From  cycle  2 
onwards,  sunitinib  plus  paclitaxel  and  carboplatin  were 
administered  starting  on  day  1  of  each  cycle.  On  the  CDD 
schedule,  sunitinib  was  started  on  day  3  in  cycle  1.  This 
allowed  PK  analysis  of  paclitaxel  and  carboplatin  alone 
(cycle  1,  day  1),  sunitinib  alone  at  steady  state  (cycle  1,  day 
15),  and  paclitaxel  and  carboplatin  plus  steady-state 
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Table  2  Patient  demographics 

Schedule  2/1  ( n  =  25) 

CDD  schedule  (n  =  18) 

Total  (n  =  43) 

Sex,  n  (%) 

Male/female 

17  (68)/8  (32) 

12  (67)/6  (33) 

29  (67 )/14  (33) 

ECOG  performance  status,  n  (%) 

0/1 

6  (24)/ 19  (76) 

5  (28)/13  (72) 

1 1  (26 )/32  (74) 

Primary  disease  sites 

NSCLC 

4(16) 

6  (33) 

10  (23) 

Esophageal  adenocarcinoma 

1  (4) 

3  (17) 

4(9) 

Pancreatic  carcinoma 

4(16) 

0(0) 

4(9) 

SCLC 

3(12) 

1  (6) 

4(9) 

Malignant  melanoma 

3  (12) 

0(0) 

3  (7) 

Mesothelioma 

2(8) 

1  (6) 

3  (7) 

Other3 

8  (32) 

7  (39) 

22  (51) 

Prior  treatments 

Chemotherapy13 

20  (80) 

8  (44) 

28  (65) 

Cancer-related  surgery 

23  (92) 

16  (89) 

39  (91) 

Radiotherapy 

12  (48) 

5  (28) 

17  (40) 

Immunotherapy 

3  (12) 

0(0) 

3  (7) 

Hormonal  therapy 

1  (4) 

0(0) 

1  (2) 

Unspecified 

1  (4) 

0(0) 

1  (2) 

CDD  continuous  daily  dosing,  ECOC  Eastern  Cooperative  Oncology  Group,  NSCLC  non-small-cell  lung  cancer,  SCLC  small-cell  lung  cancer 
a  Carcinoid,  pleural  mesothelioma,  neuroendocrine  carcinoma,  metastatic  neoplasm  unknown  primary,  thyroid  cancer  [all  n  =  2  (4.7%)], 
adrenocortical  carcinoma,  transitional  cell  carcinoma  bladder,  breast  cancer,  mesothelioma,  ovarian  cancer,  malignant  hepatic  neoplasm, 
seminoma,  and  metastases  to  peritoneum  [all  n  =  1  (2.3%)] 

b  Includes  prior  targeted  therapies:  erlotinib  (n  =  2),  bevacizumab,  BSI-201,  figitumumab,  sorafenib,  and  vorinostat  (each  n  =  1) 


sunitinib  (cycle  2,  day  1).  From  cycle  2  onwards,  sunitinib 
plus  paclitaxel  and  carboplatin  were  administered  starting 
on  day  1  of  each  cycle. 

Statistical  methods 

The  observed  safety  profile  on  each  schedule  determined 
the  number  of  patients  per  dose  level  and  number  of  dose 
escalations.  Due  to  the  exploratory  nature  of  this  study,  no 
inferential  analyses  were  planned. 

Results 

Patient  characteristics 

Forty-three  patients  were  enrolled  into  the  trial:  25  patients 
on  Schedule  2/1  and  18  patients  on  the  CDD  schedule.  The 
median  age  of  patients  was  58  years  (range:  32-76). 
Baseline  characteristics  are  summarized  in  Table  2. 

Subject  evaluation  groups 

The  doses  of  study  treatment  evaluated  are  shown  in 
Table  1.  The  sponsor  and  investigators  agreed  to  further 


expand  dose  level  2  for  Schedule  2/1  and  dose  level  B  for 
the  CDD  schedule  to  better  characterize  the  safety  profile 
of  the  combination  regimens.  Initially,  6  patients  were 
enrolled  in  the  first  cohort  at  dose  level  1  on  Schedule  2/1 
(including  2  patients  who  were  not  evaluable  for  DLT: 
n  =  1  developed  a  hypersensitivity  reaction  to  paclitaxel; 
n  =  1  experienced  disease  progression  prior  to  cycle  1 
day  1).  One  DLT  (grade  4  papilledema)  was  observed  and 
this  cohort  was  expanded  to  9  patients,  resulting  in  7 
patients  evaluable  for  DLTs.  Because  no  additional  DLTs 
were  observed,  patients  were  next  enrolled  at  dose  level  2 
and,  among  3  patients  initially  enrolled  who  were  evalu¬ 
able  for  DLTs  (1  further  patient  discontinued  early  due  to 
disease  progression  prior  to  cycle  1,  day  1),  one  DLT  was 
observed;  this  cohort  was  then  expanded  to  13  patients. 
While  the  dose  level  2  cohort  was  being  expanded,  the 
protocol  was  amended  to  allow  concurrent  enrollment  into 
Schedule  2/1  and  the  CDD  schedule.  Three  patients  were 
enrolled  onto  dose  level  3  and  no  DLTs  were  observed. 
Following  enrollment  into  dose  level  3,  further  DLTs 
were  observed  in  the  expanded  dose  level  2  cohort.  On 
the  CDD  schedule  starting  at  dose  level  A,  3  patients 
were  enrolled  and  no  DLTs  were  observed.  Enrollment  of 
the  CDD  schedule  cohorts  continued  as  described  in 
Table  1. 
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A  total  of  13  patients  (30%)  completed  the  study 
(receiving  the  4  planned  cycles  of  study  treatment)  and  30 
patients  discontinued  before  completion.  Of  the  13  patients 
who  completed,  12  (n  =  4  from  Schedule  2/1  cohorts, 
n  =  8  from  CDD  cohorts)  enrolled  in  a  continuation  pro¬ 
tocol  and  received  sunitinib  as  a  single  agent.  One  addi¬ 
tional  patient  who  was  discontinued  from  the  study  due  to 
AEs  after  cycle  1  was  also  enrolled  in  the  continuation 
protocol.  Twenty  of  the  25  patients  (80%)  on  Schedule  2/1 
discontinued  treatment  early:  11  patients  due  to  insufficient 
clinical  response  and  9  due  to  AEs,  including  6  who  had 
AEs  that  were  considered  treatment-related  [papilledema, 
gastrointestinal  (GI)  hemorrhage,  syncope,  pyrexia,  pneu¬ 
monia,  leukopenia,  and  hemoptysis  (all  n  =  1  each),  ane¬ 
mia  (n  —  3),  thrombocytopenia  (n  =  3),  and  neutropenia 
{n  —  2)].  Ten  of  the  18  patients  (56%)  on  the  CDD  sche¬ 
dule  discontinued  treatment  early:  6  patients  due  to  insuf¬ 
ficient  clinical  response;  2  due  to  AEs  (1  patient  had  AEs 
considered  to  be  treatment-related:  neutropenia,  anemia, 
and  thrombocytopenia);  1  patient  on  the  CDD  schedule 
died  due  to  disease  progression;  and  1  patient  withdrew 
consent. 

The  number  of  sunitinib  treatment  cycles  started  ranged 
between  0-4  and  1-5  on  Schedule  2/1  and  the  CDD 
schedule,  respectively.  One  patient  on  the  CDD  schedule 
received  5  cycles  of  sunitinib  on  the  study,  receiving  an 
additional  cycle  of  treatment  while  awaiting  enrollment  in 
the  continuation  protocol.  In  total,  1 1  patients  received  all 
three  drugs  through  to  the  start  of  cycle  2  without  dose 
reductions,  dose  delays,  or  dose  interruptions  (Schedule  2/1 
dose  level  1,  n  —  2;  dose  level  2  n  —  2;  CDD  schedule 
dose  B,  n  —  5;  dose  Bl,  n  —  2). 

Of  the  25  patients  on  Schedule  2/1,  10  (40%)  required 
sunitinib  dose  delays  and  2  (8%)  required  dose  reductions. 
Of  the  18  patients  on  the  CDD  schedule,  8  (44%)  required 
sunitinib  dose  delays  and  3  (17%)  required  dose  reductions. 
In  all  but  2  patients,  sunitinib  dose  delays  were  attributed  to 
neutropenia,  thrombocytopenia,  or  leukopenia  (all  grades). 
The  duration  of  sunitinib  dose  delays  was  most  commonly 
>3  weeks  (n  —  18  patients  overall). 

In  the  Schedule  2/1  cohorts,  10  patients  experienced  dose 
delays  for  paclitaxel  and  10  patients  experienced  dose  delays 
for  carboplatin.  Five  patients  experienced  at  least  one  dose 
reduction  of  paclitaxel  and  1  patient  experienced  >2  dose 
reductions  of  carboplatin.  In  the  CDD  cohorts,  9  and  8  patients 
experienced  dose  delays  for  paclitaxel  and  carboplatin. 
respectively,  and  3  and  1  patients  experienced  at  least  one 
dose  reduction  of  paclitaxel  and  carboplatin,  respectively. 

Determination  of  MTD 

Across  all  schedules,  DLTs  occurring  in  the  first  treatment 
cycle  were  reported  in  6  patients  (14%;  Table  1).  All  DLTs 


were  reported  as  serious  AEs  (SAEs)  and  considered  to  be 
related  to  sunitinib  and/or  paclitaxel  and  carboplatin 
treatment.  On  Schedule  2/1,  the  MTD  was  determined 
as  sunitinib  25  mg/day  plus  paclitaxel  175  mg/m2  and 
carboplatin  AUC  6  mg  min/ml.  The  MTD  was  not  determined 
for  the  CDD  schedule. 

Other  safety  findings 

Treatment-emergent  (all-causality)  non-hematologic  AEs 
occurring  in  >10%  of  patients  across  all  treatment  combi¬ 
nations  are  shown  in  Table  3.  Most  non-hematologic  AEs 
were  grade  1  or  2  in  severity.  The  most  common  were  fatigue 
(58%),  nausea  (44%),  alopecia  (30%),  and  dyspnea  (28%). 

Overall,  35/43  patients  (81%)  experienced  at  least  one 
AE  (grade  >  3)  considered  related  to  study  treatment.  The 
most  common  treatment-related  AEs  were  neutropenia 
[77%;  grade  3  (23%)  or  4  (42%)],  thrombocytopenia  [56%; 
grade  3  (19%)  or  4  (14%)],  and  fatigue  [47%;  grade  3 
(7%)].  The  frequency  of  treatment-related  AEs  was  similar 
for  Schedule  2/1  and  the  CDD  schedule,  although  the 
incidence  of  treatment-related  thrombocytopenia  was 
higher  for  patients  on  the  CDD  schedule  (11/18  subjects, 
61%)  compared  with  Schedule  2/1  (13/25  subjects,  52%). 

All-causality  hematologic  AEs  reported  in  all  cycles  and 
cycle  1  are  shown  in  Table  4.  Neutropenia  (79%)  and 
thrombocytopenia  (74%)  were  the  most  frequent  events. 
Flematologic  laboratory  abnormality  shifts  from  grade  <2 
to  grade  >3  (all  patients,  both  schedules)  included 
neutropenia  (70%),  leukopenia  (49%),  thrombocytopenia 
(40%),  lymphopenia  (35%),  and  anemia  (23%).  No  patient 
experienced  grade  4  lymphopenia.  One  patient  experienced 
a  shift  to  grade  4  anemia. 

Cardiovascular  disorders  occurred  infrequently.  Grade  3 
thrombosis,  grade  1  sinus  tachycardia,  and  grade  1  tachy¬ 
cardia  were  reported  in  1  patient  each.  None  of  these  AEs  was 
considered  related  to  study  treatment.  One  patient  receiving 
dose  level  2  on  Schedule  2/1  experienced  grade  3  syncope 
deemed  treatment-related  by  the  investigator.  There  were  no 
clinically  significant  changes  at  any  timepoints  for  the  mean 
heart  rate,  blood  pressure,  and  ECG  parameters. 

Three  patients  died  on  study.  Two  deaths  were  attributed 
to  disease  progression  [bladder  cancer  (n  =  1 )  and 
esophageal  adenocarcinoma  (n  =  1)].  The  third  patient,  a 
59-year-old  male  patient  with  pancreatic  carcinoma  who 
was  receiving  treatment  on  Schedule  2/1  dose  level  2,  died 
due  to  GI  hemorrhage  and  hypotension,  which  were  con¬ 
sidered  possibly  related  to  study  treatment. 

Antitumor  activity 

Of  the  38  patients  with  measurable  disease  at  baseline  and 
evaluable  for  response,  4  patients  achieved  a  partial 
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Table  3  Most  common  all-causality  non 

-hematologic  adverse  events  (>10%  incidence  cut-off)  in  all  cohorts 

Adverse  event 

All  patients  (n  =  43) 

Grade  1  n  (%) 

Grade  2  n 

(%)  Grade  3  n  (%) 

Grade  4  n  (%) 

Total  n  (%) 

Fatigue 

12  (30) 

9(21) 

4(9) 

0(0) 

25  (58) 

Nausea 

13  (30) 

6(14) 

0(0) 

0(0) 

19  (44) 

Alopecia 

7(16) 

6(14) 

0(0) 

0(0) 

13  (30) 

Dyspnea 

4(9) 

6(14) 

2(5) 

0(0) 

12  (28) 

Diarrhea 

6(14) 

5  (12) 

0(0) 

0(0) 

11  (26) 

Constipation 

8(19) 

2(5) 

0(0) 

0(0) 

10  (23) 

Vomiting 

8(19) 

2(5) 

0(0) 

0(0) 

10  (23) 

Anorexia 

5(12) 

3  (7) 

1  (2) 

0(0) 

9(21) 

Arthralgia 

9(21) 

0(0) 

0(0) 

0(0) 

9(21) 

Pyrexia 

7(16) 

2(5) 

0(0) 

0(0) 

9(21) 

Cough 

6(14) 

2(5) 

0(0) 

0(0) 

8(19) 

Epistaxis 

8(19) 

0(0) 

0(0) 

0(0) 

8(19) 

Headache 

8(19) 

0(0) 

0(0) 

0(0) 

8(19) 

Neuropathy  peripheral 

7(16) 

1  (2) 

0(0) 

0(0) 

8(19) 

Dehydration 

2(5) 

3  (7) 

2(5) 

0(0) 

7(16) 

Dysgeusia 

6(14) 

1  (2) 

0(0) 

0(0) 

7(16) 

Dizziness 

6(14) 

0(0) 

0(0) 

0(0) 

6(14) 

Dyspepsia 

6(14) 

0(0) 

0(0) 

0(0) 

6(14) 

Hypomagnesemia 

3(7) 

2(5) 

0(0) 

1  (2) 

6(14) 

Myalgia 

6(14) 

0(0) 

0(0) 

0(0) 

6(14) 

Rash 

6(14) 

0(0) 

0(0) 

0(0) 

6(14) 

Weight  decreased 

5(12) 

1  (2) 

0(0) 

0(0) 

6(14) 

Aspartate  aminotransferase  increased 

1  (2) 

3  (7) 

1  (2) 

0(0) 

5  (12) 

Chills 

5(12) 

0(0) 

0(0) 

0(0) 

5(12) 

Hemoptysis 

4(9) 

0(0) 

1  (2) 

0(0) 

5  (12) 

There  was  one  grade  5  event  (gastrointestinal  hemorrhage) 

Table  4  All-causality  hematologic  adverse  events  in  all  cohorts  (occurring 

in  cycle  1  and  in  all  cycles) 

Adverse  event 

All  patients  (n  =  43) 

Grade  1  n 

(%)  Grade  2 

n  (%) 

Grade  3  n  (%) 

Grade  4  n  (%) 

Total  n  (%) 

Cycle  1 

Anemia 

2(5) 

4(9) 

5  (12) 

3  (7) 

14  (33) 

Leukopenia 

0(0) 

8(19) 

7(16) 

4(9) 

19  (44) 

Neutropenia 

0(0) 

5(12) 

8(19) 

14  (33) 

27  (63) 

Thrombocytopenia 

3  (7) 

5(12) 

5  (12) 

8  (19) 

21  (49) 

All  cycles 

Anemia 

1  (2) 

10  (23) 

9  (21) 

3  (7) 

23  (54) 

Leukopenia 

0(0) 

6(14) 

10  (23) 

5  (12) 

21  (49) 

Neutropenia 

1  (2) 

4(9) 

1 1  (26) 

18  (42) 

34  (79) 

Thrombocytopenia 

5  (12) 

7(16) 

10  (23) 

10  (23) 

32  (74) 

response  (PR)  for  an  objective  response  rate  of  10.5% 
[95%  confidence  interval  (Cl):  2.9%,  24.8%]  across  all 
cohorts.  Two  PRs  occurred  on  Schedule  2/1  (one  at  dose 
level  1  and  the  other  at  dose  level  2).  Two  PRs  occurred  on 


the  CDD  schedule  (one  at  dose  level  B  and  the  other  at 
dose  level  Bl).  Patients  with  PRs  had  the  following  pri¬ 
mary  diagnoses:  SCLC  (n  —  1),  NSCLC  (n  =  2),  and 
peritoneal  carcinomatosis  (n  =1),  and  2  patients  had 
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received  prior  chemotherapeutic  regimens  (carboplatin 
plus  etoposide  and  topotecan;  carboplatin  plus  paclitaxel; 
and  carboplatin  plus  gemcitabine). 

Across  both  dosing  schedules,  stable  disease  (SD)  with 
duration  >42  days  after  the  first  dose  of  study  drug  was 
observed  in  12  patients  (n  =  6  on  Schedule  2/1  and  n  =  6 
on  the  CDD  schedule).  Twelve  patients  (32%)  experienced 
progressive  disease  (PD)  as  their  best  response  (6  on 
Schedule  2/1  and  6  on  the  CDD  schedule).  Response  status 
could  not  be  determined  for  10/38  evaluable  patients 
because  post-baseline  scans  were  not  available  (patients 
either  discontinued  early  or  lesions  identified  at  baseline 
were  not  assessed). 

Pharmacokinetics 

AEs  prevented  many  patients  from  taking  sunitinib  daily 
on  both  schedules.  On  the  CDD  schedule,  plasma  con¬ 
centration  profiles  at  steady  state  were  collected  for  only  5 
patients  (paired  observations)  at  sunitinib  37.5  mg/day  plus 
paclitaxel  175  mg/m2  and  carboplatin  AUC  6  mg  min/ml 
(dose  level  B),  and  1  patient  at  sunitinib  25  mg/day  plus 
paclitaxel  175  mg/m2  and  carboplatin  AUC  6  mg  min/ml 
(dose  level  A).  Therefore,  PK  parameters  are  presented  only 
for  the  dose  levels  on  both  treatment  schedules  with  a  suffi¬ 
cient  number  of  evaluable  patients:  sunitinib  37.5  mg/day 
plus  paclitaxel  175  mg/m"  and  carboplatin  AUC  6  mg  min/ml 
(dose  levels  2  and  B;  Table  1).  The  data  indicated  an  increase 
in  maximum  and  total  plasma  exposures  to  sunitinib  and  its 
active  metabolite  SU 12662  when  sunitinib  was  given 
with  paclitaxel  and  carboplatin  compared  with  sunitinib 
monotherapy  (Table  5).  No  notable  difference  in  PK  was 
observed  between  Schedule  2/1  and  the  CDD  schedule. 


Discussion 

The  objective  of  this  phase  I,  dose-finding  PK  study  was  to 
determine  the  MTD  and  overall  safety  of  sunitinib  plus 
paclitaxel  and  carboplatin  in  patients  with  solid  tumors  for 
whom  curative  therapy  was  not  available.  Sunitinib  was 
investigated  on  intermittent  (Schedule  2/1,  2  weeks  on 
treatment,  1  week  off  treatment)  and  CDD  schedules.  The 
MTD  on  Schedule  2/1  (investigated  in  25  patients)  was 
determined  to  be  sunitinib  25  mg/day  plus  paclitaxel 
175  mg/m2  and  carboplatin  AUC  6  mg  min/ml.  The  MTD 
for  the  CDD  schedule  was  not  determined  (investigated  in 
18  patients)  because  the  study  was  stopped  before  formal 
determination  of  the  MTD,  based  upon  the  toxicity  patterns 
observed  in  the  sunitinib  Schedule  2/1  cohort.  Frequent  and 
sometimes  prolonged  dose  delays  and  dose  interruptions 
also  made  assessment  of  the  MTD  challenging.  In  total,  1 1 
patients  (Schedule  2:1  n  —  4;  CDD  schedule  n  =  7) 


received  all  three  drugs  through  to  the  start  of  cycle  2 
without  dose  reductions,  dose  delays,  or  dose  interruptions. 

Most  non-hematologic  AEs  reported  with  sunitinib  plus 
paclitaxel  and  carboplatin  were  grade  1  or  2  in  severity.  No 
unexpected  AEs  were  reported  and  no  significant  cardiac 
abnormalities  were  noted  during  this  study.  Even  though 
AEs  greater  than  grade  1  or  2  in  severity  were  infrequent, 
the  cumulative  effect  of  multiple  grade  1/2  side  effects  in 
individual  patients  and  the  prolonged  duration  of  these 
toxicities  resulted  in  the  need  for  dose  interruptions  and 
treatment  delays  in  a  significant  proportion  of  patients  and 
suggested  that  the  regimens  studied  were  ultimately 
unfeasible.  Similar  observations  have  been  reported  in 
clinical  trials  of  other  targeted  therapies  when  combined 
with  each  other  or  cytotoxic  chemotherapy  [17]. 

The  most  common  non-hematologic  AEs  were  fatigue, 
nausea,  alopecia,  and  dyspnea.  The  AE  profile  in  this 
study  was  generally  similar  to  that  of  other  studies  of  a 
taxane  plus  carboplatin  [18-20],  single-agent  sunitinib 
[21-23],  or  sunitinib  in  combination  with  chemotherapy 
[24-26].  However,  grade  3/4  neutropenia  and  thrombo¬ 
cytopenia  (laboratory  abnormalities)  occurred  in  70%  and 
40%  of  patients,  respectively,  which  is  a  higher  incidence 
than  has  been  reported  in  trials  of  other  targeted  agents  in 
combination  with  carboplatin  and  paclitaxel  in  patients 
with  solid  tumors  [8,  27-29].  Temporary  sunitinib  dose 
interruptions/delays  were  needed  by  almost  half  of  the 
patients  enrolled  in  this  study  and  were  attributed  to 
neutropenia,  thrombocytopenia,  or  leukopenia  (all  grades) 
at  one  or  more  times  in  all  but  2  of  these  patients.  Based 
on  the  investigators’  observations,  chemotherapy-naive 
patients  appeared  to  tolerate  the  treatment  better  than 
chemotherapy-refractory  patients.  Delays  or  interruptions 
in  the  dosing  of  paclitaxel  and  carboplatin  were  also  fre¬ 
quent  during  this  trial,  further  limiting  the  feasibility  of 
this  treatment  regimen.  Additionally,  the  majority  of 
patients  (70%)  discontinued  study  treatment  before 
receiving  the  4  planned  cycles:  80%  of  patients  on 
Schedule  2/1  and  56%  on  the  CDD  schedule.  In-line  with 
the  investigators’  observations  on  tolerability,  the  imbal¬ 
ance  in  discontinuation  rates  between  the  two  schedules 
might  have  been  related  to  the  fact  that  the  majority  of 
patients  on  Schedule  2/1  (80%)  had  received  prior  che¬ 
motherapy,  whereas  over  half  of  patients  on  the  CDD 
schedule  were  chemotherapy-naive  (56%). 

Complete  PK  data  based  on  small  sample  sizes  (4  and  5 
patients  in  Schedule  2/1  and  CDD  cohorts,  respectively) 
suggest  that  administration  of  sunitinib  with  paclitaxel  and 
carboplatin  led  to  an  increase  in  maximum  and  total  plasma 
exposures  to  sunitinib  and  its  active  metabolite  SU12662 
compared  with  sunitinib  administered  alone.  This  may 
have  been  the  result  of  inhibition  of  the  CYP3A4  metabolic 
pathway  and/or  P-glycoprotein  (P-gp)  efflux  system 


<£)  Springer 


710 


Cancer  Chemother  Pharmacol  (2011)  68:703-712 


Table  5  Pharmacokinetic  parameters  (subjects  with  paired  observations  only)  at  sunitinib  37.5  mg/day  plus  paclitaxel  175  mg/m2  and  carbo- 
platin  6  AUC  mg  min/ml 


Alone  mean 
(%CV)  [median] 

Combination  mean 
(%CV)  [median] 

Geometric  mean 
ratio  (combination/alone) 

Schedule  2/1  (n  =  4) 

Sunitinib 

Tjnax  (h)a 

6.0  (4.0-8. 0) 

16.0  (6.0-24.0) 

N/A 

Cmax  (ng/rnl) 

19.1  (23)  [20.0] 

28.4  (51)  [26.1] 

1.37 

AUCq-24  (ng  h/ml) 

332  (27)  [342] 

501  (42)  [503] 

1.44 

SU12662 

Cmax  (h)a 

4.0  (2.0-6.0) 

24.0  (4.0-24.0) 

N/A 

Cmax  (ng/rnl) 

3.11  (45)  [2.99] 

6.61  (68)  [5.51] 

1.93 

AUCq-24  (ng  h/ml) 

54.1  (48)  [52.9] 

96.5  (61)  [86.0] 

1.68 

Total  drug 

Cmax  (h) 

6.0  (4.0-8. 0) 

15.0  (4.0-24.0) 

N/A 

Cmax  (ng/ml) 

22.1  (23)  [23.9] 

33.2  (52)  [30.6] 

1.38 

AUCq-24  (ng  h/ml) 

386  (29)  [408] 

597  (44)  [607] 

1.48 

Paclitaxel 

Cmax  (h)“ 

3.0  (3. 0-3.0) 

3.0  (3. 0-3.0) 

N/A 

Cmax  (Hg/ml) 

4.45  (23)  [4.58] 

5.00  (27)  [5.491 

1.11 

AUCoo  (pg  h/ml) 

15.5  (17)  [16.3] 

16.8  (22)  [18.02] 

1.08 

Clearance  (1/h) 

21.1  (33)  [18.4] 

19.8  (41)  [16.2] 

0.92 

h/2  (h) 

8.80  (15)  [8.36] 

8.23  (17)  [8.54] 

N/A 

Total  platinum 

Cmax  (h)B 

3.5  (3.5-4.0) 

3.5  (3. 5-3.5) 

N/A 

Cmax  (ng/ml) 

20.6  (29)  [19.2] 

22.6  (20)  [21.21 

1.11 

AUCq-24  (Pg  h/ml) 

65.1  (23)  [60.4] 

60.3  (10)  [60.3] 

0.94 

Free  platinum 

Cmax  (h)“ 

3.5  (3.5-4.0) 

3.5  (3. 5-3.5) 

N/A 

Cmax  (ng/ml) 

25.2  (37)  [24.9] 

21.3  (9)  [20.7] 

0.89 

AUCoo  (ng  h/ml) 

50.7  (25)  [49.5] 

43.0  (6)  [42.81 

0.87 

Clearance  (1/h) 

13.3  (39)  [11.2] 

13.2  (22)  [12.4] 

1.02 

h/2  (h) 

4.72  (24)  [4.89] 

5.27  (4)  [5.27] 

N/A 

CDD  schedule  (n  =  5) 

Sunitinib 

Cmax  (h)3 

8.0  (6.0-10.0) 

6.0  (4.0-10.0) 

N/A 

Cmax  (ng/ml) 

42.1  (12)  [43.7] 

47.0  (15)  [44.4] 

1.11 

AUCq-24  (ng  h/ml) 

874  (13)  [918] 

983  (18)  [897] 

1.12 

SU12662 

Cmax  (h)“ 

8.0  (4.0-10.0) 

6.0  (4.0-10.0) 

N/A 

Cmax  (ng/ml) 

13.4  (39)  [15.7] 

19.2  (39)  [19.81 

1.44 

AUCq-24  (ng  h/ml) 

279  (39)  [326] 

395  (37)  [430] 

1.43 

Total  drug 

Cmax  (h)a 

8.0  (6.0-10.0) 

6.0  (4.0-10.0) 

N/A 

Cmax  (ng/ml) 

55.3  (14)  [50.9] 

65.2  (17)  [68.3] 

1.17 

AUCq-24  (ng  h/ml) 

1,153  (14)  [1,115] 

1,379  (15)  [1,351] 

1.19 

Paclitaxel 

Cmax  (h)“ 

3.0  (2.0— 3.0) 

3.0  (3. 0-3.0) 

N/A 

Cmax  (ng/ml) 

3.96  (40)  [3.62] 

5.24  (50)  [4.92] 

1.28 

AUCoo  (ng  h/ml) 

14.3  (31)  [13.2] 

15.9  (33)  [13.61 

1.11 

Clearance  (1/h) 

26.5  (34)  [29.81 

23.6  (32)  [27.4] 

0.89 
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Table  5  continued 

Alone  mean 
(%CV)  [median] 

Combination  mean 
(%CV)  [median  1 

Geometric  mean 
ratio  (combination/alone) 

6/2  (h) 

8.89  (14)  [8.69] 

7.84  (29)  [6.90] 

N/A 

Total  platinum 

Tnax  (h)3 

3.5  (3. 5-4.0) 

3.5  (3. 5-4.0) 

N/A 

Cmax  (flg/ml) 

23.1  (20)  [24.5] 

22.8  (13)  [24.7] 

1.00 

AUCo-24  (Pg  h/ml) 

67.6  (7)  [65.5] 

60.6  (11)  [64.0] 

0.89 

Free  platinum 

Tnax  (h)3 

4.0  (3. 5-4.0) 

3.5  (3. 5-4.0) 

N/A 

Cmax  (flg/ml) 

20.7  (15)  [19.3] 

22.0  (16)  [22.5] 

1.06 

AUCoa  (pg  h/ml) 

48.3  (9)  [49.2] 

43.1  (9)  [42.4| 

0.89 

Clearance  (1/h) 

17.1  (26)  [16.5] 

18.9  (22)  [21.1] 

1.11 

6/2  (h) 

5.18  (6)  [5.09] 

4.16  (26)  [4.80] 

N/A 

Total  drug  sunitinib  +  SU  12662,  Cmax  maximum  plasma  concentration,  tl/2  terminal  phase  half-life,  AUC  area  under  the  plasma  concentration¬ 
time  profile  for  time  zero  to  infinity  (AUC^)  or  24  h  (A[/Cq_24)>  CV  coefficient  of  variation,  N/A  not  applicable,  CDD  continuous  daily  dosing 
a  Tm ax  =  time  for  Cmax;  median  (min,  max) 

(during  absorption  or  elimination)  by  paclitaxel.  Both 
sunitinib  and  SU 12662  are  substrates  for  CYP3A4  [30]; 
SU 12662  is  also  a  substrate  for  P-gp.  Paclitaxel  at  higher 
concentrations  has  the  potential  to  inhibit  both  CYP3A4 
and  the  P-gp  transport  system  [31-35].  Carboplatin,  on  the 
other  hand,  is  very  unlikely  to  inhibit  either  of  these 
pathways.  The  administration  of  sunitinib  with  paclitaxel 
and  carboplatin  did  not  appear  to  affect  the  PK  of  either 
paclitaxel  or  carboplatin.  The  observed  drug-drug  inter¬ 
action  between  sunitinib  and  paclitaxel  may  have  contrib¬ 
uted  to  some  of  the  toxicities  observed  in  this  study, 
including  neutropenia  and  thrombocytopenia  resulting  in 
dose  interruptions/delays.  However,  other  variables  such  as 
patient  selection  or  overlapping  mechanisms  of  action  may 
have  contributed. 

Of  the  38  evaluable  patients  with  measurable  disease  at 
baseline,  4  patients  (with  tumor  types  typically  treated  with 
paclitaxel  and  carboplatin)  had  confirmed  PRs,  2  of  whom 
where  chemotherapy-naive.  Given  the  short  duration  of 
treatment  (4  cycles)  and  limited  patient  numbers  in  this 
phase  1  trial,  no  time-to-event  analysis  was  performed  and 
no  definitive  conclusions  can  be  drawn  regarding  the 
antitumor  activity  of  the  triple  combination  regimen. 

In  summary,  a  potential  drug-drug  interaction  may  have 
led  to  an  increase  in  levels  of  sunitinib  and  SU  12662, 
resulting  in  increased  myelosuppression  and  consequent 
dose  interruptions/delays,  which  limit  the  dose  intensity 
and  potential  utility  of  this  combination. 
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Antiangiogenic  antitumor  activities  of  IGFBP-3  are  mediated  by  IGF-independent 
suppression  of  Erkl/2  activation  and  Egr-1 -mediated  transcriptional  events 
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Most  antiangiogenic  therapies  currently 
being  evaluated  in  clinical  trials  target 
the  vascular  endothelial  growth  factor 
pathway;  however,  the  tumor  vascula¬ 
ture  can  acquire  resistance  to  vascular 
endothelial  growth  factor-targeted  therapy 
by  shifting  to  other  angiogenesis  mecha¬ 
nisms.  Insulin-like  growth  factor  binding 
protein-3  (IGFBP-3)  has  been  reported  to 
suppress  tumor  growth  and  angiogen¬ 
esis  by  both  IGF-dependent  and  IGF- 
independent  mechanisms;  however,  un¬ 
derstanding  of  its  IGF-independent 
mechanisms  is  limited.  We  observed  that 

Introduction  _ 


IGFBP-3  blocked  tumor  angiogenesis  and 
growth  in  non-small  cell  lung  cancer  and 
head  and  neck  squamous  cell  carcinoma. 
Conditioned  media  from  an  IGFBP-3- 
treated  non-small  cell  lung  cancer  cell 
line  displayed  a  significantly  decreased 
capacity  to  induce  HUVEC  proliferation 
and  aortic  sprouting.  In  cancer  cells, 
IGFBP-3  directly  interacted  with  Erkl/2, 
leading  to  inactivation  of  Erkl/2  and  Elk-1 , 
and  suppressed  transcription  of  early 
growth  response  protein  1  and  its  target 
genes,  basic  fibroblast  growth  factor  and 
platelet-derived  growth  factor.  These  data 


suggest  that  IGF-independent  Erkl/2  inac¬ 
tivation  and  decreased  IGFBP-3-induced 
Egr-1  expression  block  the  autocrine  and 
paracrine  loops  of  angiogenic  factors  in 
vascular  endothelial  and  cancer  cells.  To¬ 
gether,  these  findings  provide  a  molecular 
framework  of  IGFBP-3’s  IGF-independent 
antiangiogenic  antitumor  activities.  Fu¬ 
ture  studies  are  needed  for  develop¬ 
ment  of  IGFBP-3  as  a  new  line  of  anti- 
angiogengic  cancer  drug.  (Blood.  2011; 
118(9):2622-2631) 


Angiogenesis,  the  formation  of  new  capillaries  from  existing 
blood  vessels,  is  essential  to  carcinogenic  processes,  including 
solid  tumor  formation,  growth,  invasion,  and  metastasis.1  Most 
tumors  can  stimulate  angiogenesis  by  switching  on  the  produc¬ 
tion  of  numerous  cytokines  and  growth  factors,  including 
fibroblast  growth  factors  (FGFs),  vascular  endothelial  growth 
factors  (VEGFs),  and  platelet-derived  growth  factors  (PDGFs).2 
Several  antiangiogenic  agents  are  in  various  phases  of  clinical 
trials  for  human  cancer;  however,  most  of  these  agents  target  the 
VEGF  signaling  pathway.3  Therefore,  other  potential  therapeu¬ 
tic  agents  that  block  non-VEGF  angiogenic  pathways  need  to 
be  evaluated. 

Insulin-like  growth  factor-binding  protein-3  (IGFBP-3),  a  mem¬ 
ber  of  a  family  of  6  IGFBPs,  has  demonstrated  antiproliferative, 
proapoptotic,  antiangiogenic,  and  antimetastatic  activity  in  a  vari¬ 
ety  of  cancer  cells.4'8  It  may  also  have  IGF-independent  antitumor 
activities  through  cell-surface  or  intracellular  protein  interaction, 
its  nuclear  translocation,  or  its  transcriptional  regulation.7,9'12 
However,  the  mechanisms  that  mediate  IGFBP-3  ’s  IGF-indepen¬ 
dent  antitumor  activity  have  not  been  clearly  defined. 

The  82-kDa  phosphoprotein  transcription  factor  early  growth 
response  protein  1  (Egr-1),  an  immediate  early  gene  product,  has 
been  implicated  in  multiple  cellular  processes,  including  cell 
growth,  apoptosis,  wound  healing,  and  angiogenesis.  Mitogenic 
stimuli,  including  serum,  PDGF,  peptide  growth  factors,  and 
B-Raf,  and  nonmitogenic  stresses,  including  y-irradiation  and 


hypoxia,  activate  Egr-1  expression  through  serum  response  ele¬ 
ments  (SREs)  in  the  Egr-1  promoter,  where  serum  response  factor 
(SRF)  and  ternary  complex  factors  form  transcriptionally  active 
ternary  complexes.13  Once  activated,  Egr-1  binds  to  GC-rich, 
cw-acting  promoter  elements  and  controls  the  expression  of 
multiple  genes  that  encode  growth  factors,  cytokines,  adhesion 
molecules,  and  proteases,  including  IGF-1,  IGF-2,  TGF-(31,  fi- 
bronectin,  urokinase-type  plasminogen  activator,  VEGF-1R,  VEGF, 
PDGF-A  and  -B,  and  basic  FGF  (bFGF),  which  are  believed  to 
have  important  functions  in  cancer  cell  survival,  apoptosis,  angio¬ 
genesis,  invasion,  and  metastasis.14,15  The  association  between 
Egr- 1  and  tumor  angiogenesis  has  been  observed  in  various  tumor 
types.16'18  A  DNA-based  enzyme  and  a  siRNA  that  target  Egr-1 
suppress  bFGF  expression  and  tumor  angiogenesis  and  growth  in 
various  cancer  cell  types.18"21 

In  this  study,  we  determined  the  mechanisms  by  which  IGFBP-3 
exerts  its  IGF-independent  antiangiogenic  antitumor  activity.  Our 
findings  reveal  that  IGFBP-3’s  engagement  of  Erkl/2  inactivates 
Erkl/2  and  Elkl  in  an  IGF-independent  manner,  resulting  in 
inhibited  binding  of  Elkl  to  SRE  sites  in  the  Egr-1  upstream 
promoter  and  reduced  transcription  of  Egr-1  and  its  target  genes, 
including  PDGF  and  bFGF.  Egr- 1 ,  bFGF,  and  PDGF  proteins  were 
highly  down-regulated  in  our  non-small  cell  lung  cancer  (NSCLC) 
mouse  models;  we  also  observed  angiogenesis  suppression.  These 
data  suggest  that  increase  in  IGFBP-3  level  could  lead  to  inhibition 
of  tumor  angiogenesis. 
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Methods 

Cell  culture,  animals,  and  other  reagents 

H460,  HI 299,  A549  (NSCLC  cell  lines),  UMSCC38  (head  and  neck  squamous 
cell  carcinoma  [HNSCC]  cell  lines),  and  HUVEC  (Cambrex  Bio  Science)  cell 
lines  were  cultured  as  previously  described.8  NSCLC  cell  lines  (HI 299,  A549, 
and  H460)  and  HUVEC  were  cultured  in  RPMI  1640  with  10%  FBS  and  in 
EGM  (Lonza  Walkersville  Inc),  respectively,  in  a  humidified  environment  with 
5%  CO2.  Six-week-old  female  athymic  nude  mice  (10  mice  for  each  group) 
and  chick  eggs  (Harlan-Sprague-Dawley  and  Charles  River  laboratories) 
were  maintained  in  a  defined  pathogen-free  environment.  All  animal 
procedures  were  performed  in  accordance  with  a  protocol  approved  by  the 
M.  D.  Anderson  Institutional  Animal  Care  and  Usage  Committee. 

Tumor  xenograft  model  and  immunohistochemical  analysis 

Ad-BP-3’s  antiangiogenic  effects  on  established  HI 299  subcutaneous  or 
UMSCC38  HNSCC  orthotopic  tumor  models  were  determined  as  described 
elsewhere.8,11’22  In  brief,  after  the  HI 299  xenograft  tumor  volume  reached 
~  75  mm3,  mice  (n  =  5)  were  given  single  intratumoral  injections  (IX  1010 
particles)  of  IGFBP-3-expressing  (Ad-BP-3)  or  empty  viruses  (Ad-EV). 
Tumors  embedded  in  paraffin  were  subjected  to  immunohistochemical 
staining  by  the  use  of  an  ABC  staining  kit  (Vector  Laboratories)  with 
anti-bFGF  (1:400  dilution),  anti-PDGF  (1:400  dilution),  and  anti-Egr-1 
(1:400  dilution)  antibodies.  For  CD31  staining,  frozen  tumor  tissue  sections 
were  stained  with  anti-CD31  antibody  (1:100  dilution). 

Matrigel  plug  assay 

The  in  vivo  mouse  Matrigel  plug  assay  was  performed  with  A549  NSCLC 
cells  infected  with  Ad-BP-3  (50  pfu/cell)  or  Ad-EV  (50  pfu/cell).  Each 
treatment  group  included  10  mice.  The  number  of  blood  vessels  per  field 
was  analyzed  by  microscopy  at  10X  magnification. 

Cell  proliferation,  migration,  invasion,  and  tube-formation  assay 

The  in  vitro  migration,  invasion,  and  tube-formation  assays  were  performed 
as  described  elsewhere.8’23’24  In  brief,  in  the  coculture  assay  with  H460 
cells,  HUVECs  (4  X  104)  were  seeded  onto  the  cell  culture  inserts  (1-p.m 
pore  size;  Becton  Dickinson)  and  H460  cells  (2  X  105)  transfected  with 
pBP-3,  pBP-3-ggg,  or  pEgrl  were  transferred  to  the  bottom  of  a  12-well 
plate.  Three  days  later,  HUVEC  proliferation  was  assessed  by  use  of  the 
MTT  assay.  To  determine  IGFBP-3’s  effects  on  NSCLC  cells’  angiogenesis- 
stimulating  effects,  we  infected  HI 299,  H460,  and  A549  cells  with  Ad-BP-3 
(50  pfu/cell)  or  Ad-EV  or  treated  them  with  rBP-3  or  control  vehicle,  as 
previously  described.25  Conditioned  media  (CM)  were  collected  from 
NSCLC  cells  and  added  to  HUVECs  for  cell  proliferation  or  tube  formation 
or  to  check  aortas  for  endothelial  cell  sprouting,  as  previously  described.8,24 
HUVEC  tube  formation  was  scored  after  8  hours,  and  cell  proliferation  was 
analyzed  by  the  MTT  assay  after  3  days,  as  previously  described.26  Each 
condition  was  tested  in  6  wells.  The  details  are  described  in  supplemental 
Methods  (available  on  the  Blood  Web  site;  see  the  Supplemental  Materials 
link  at  the  top  of  the  online  article). 

Transcription  analysis 

Quantitative  RT-PCR  was  performed  as  described  elsewhere 27  The  primer 
sequences  used  are  described  in  supplemental  Methods.  To  avoid  amplification  of 
genomic  DNA,  each  gene  primer  was  chosen  from  different  exons.  To  analyze 
the  bFGF  promoter,  we  amplified  the  5' -flanking  region  (—590  to  +26)  of  the 
human  bFGF  gene  (GenBank  accession  number:  NM_002006)  from  human 
genomic  DNA  (Sigma- Aldrich)  and  cloned  into  the  Smal  site  of  the  luciferase 
reporter  vector  pGL3-Basic  (Promega).  The  detailed  methods  used  to  construct 
the  mutant  Egr-1  promoter  vectors,  transfect  plasmids  and  siRNAs,  and  per¬ 
form  the  luciferase  reporter  assay  are  described  in  supplemental  Methods. 

ChIP 

A  ChIP  assay  was  performed  with  H460  cells  infected  with  Ad-BP-3  or 
Ad-EV  or  treated  with  rBP-3  or  control  vehicle.  Extracts  from  equal 


numbers  of  cells  were  immunoprecipitated  with  antibodies  against  Elk-1, 
SRF,  IGFBP-3,  or  preimmune  serum  as  a  negative  control.  PCR  was 
performed  with  the  use  of  primers  encompassing  the  SRE  elements,  as 
depicted  in  Figure  5 A,  and  an  exon  1  primer  was  used  as  a  negative  control. 
All  PCR  primers  and  conditions  are  described  in  the  supplemental  Methods. 
An  aliquot  of  the  whole-cell  protein-DNA  complex  (2%  of  the  immunopre¬ 
cipitated  volume)  was  subjected  to  PCR  analysis  to  confirm  the  protein- 
bound  DNA  sequence. 

Immunoprecipitation,  in  vitro  pull,  and  Western  blot  analyses 

HI 299  cells  were  transfected  with  5  fig  of  control  (EV)  or  pCMV6-IGFBP- 
3-Flag  (pBP-Flag).  After  they  were  starved  of  serum,  the  cells  were 
stimulated  with  10%  FBS  for  0  and  20  minutes.  Whole-cell  lysates  were 
prepared,  and  Western  blotting  was  performed  as  described  elsewhere  28 
For  immunoprecipitation,  total  cell  lysates  were  precleared  with  the 
appropriate  protein-G  or  protein-A  beads  and  then  incubated  with  goat 
antibody  (1  fig)  against  Erkl/2  or  rabbit  antibody  against  p38ct  and 
protein-G  or  protein-A  beads.  IGFBP-3-Flag  binding  was  detected  with  a 
mouse  anti-Flag  antibody.  For  the  in  vitro  pulldown  assay,  rBP-3  (1  fig) 
conjugated  to  NTA-agarose  beads  (50  fiL,  50%  slurry)  was  incubated  with 
HI 299  cell  lysate  (150,  300,  and  450  fig)  and  then  washed  with  PBS  and 
lOmM  imidazole.  The  beads  were  then  boiled  in  2X  sample  buffer  for 
10  minutes  and  used  for  the  Western  blot  analysis.  For  the  negative  control, 
blank  BSA-coated  NTA  beads  were  incubated  with  450  fig  of  cell  lysate. 

Immunofluorescence  staining 

HI 299  cells  were  seeded  on  cover  slips  (Deckglaser;  Menzel-Glaser) 
coated  with  rat  tail  collagen  type  I  (100  fig/mL;  BD  Biosciences).  After 
being  incubated  overnight,  the  cells  were  serum-starved  for  3  hours  and 
treated  with  rhIGFBP-3  at  10  fig/mL  in  a  serum-free  medium  (RPMI 
1640)  and  fixed  at  0,  10,  30,  and  60  minutes  in  4%  paraformaldehyde  in 
PBS  for  3  minutes.  After  being  thoroughly  washed  with  PBS,  the  cells 
were  treated  with  methanol  on  ice  and  washed  with  PBS.  After  blocking 
with  5%  BSA,  primary  rabbit  anti-IGFBP-3  (Santa  Cruz  Biotechnology) 
and  mouse  anti-Erkl/2  (Cell  Signaling  Technology)  antibodies  were 
added  to  the  cells  overnight  at  4°C.  After  being  washed  in  PBS,  the 
cells  were  stained  with  donkey  anti-rabbit  antibodies  conjugated  with 
Alexa  Fluor  568  and  donkey  anti-mouse  antibodies  conjugated  with  Alexa 
Fluor  488.  During  the  washing  steps,  the  cells  were  stained  with  Hoechst 
33342.  The  cover  slips  were  mounted  and  imaged  with  the  use  of  an 
Olympus  1X71  FV  500  laser  confocal  microscope  with  Fluoview  Version 
5.0  software.  All  images  were  obtained  with  a  60 X  objective  lens  with 
2X  optical  zoom.  The  colocalization  analysis  was  performed  by  use  of  the 
colocalization  finder  function  of  Image J  software  (NIH). 

Statistical  analysis 

Data  are  given  as  the  mean  ±  SD.  To  determine  the  statistical  significance 
between  groups,  we  used  paired  Student  t  tests  and  95%  confidence 
intervals.  In  all  statistical  analyses,  2-sided  P  values  <  .05  were  considered 
statistically  significant. 


Results 

IGFBP-3  inhibits  NSCLC  and  HNSCC  tumor  growth  and 
angiogenesis 

We  previously  demonstrated  that  IGFBP-3  overexpression  inhibits 
the  growth  of  H1299  NSCLC  xenografts  in  nude  mice.11  To 
determine  whether  IGFBP-3’s  antiangiogenic  activity  contributes 
to  its  antitumor  activities,  we  performed  a  series  of  experiments  by 
using  adenoviral  (Ad-BP-3)  and  recombinant  (rBP-3)  IGFBP-3. 

We  first  determined  Ad-BP-3 ’s  effect  on  tumor  growth  and 
angiogenesis  in  1299  NSCLC  xenograft  tumors  established  in 
athymic  nude  mice.  Ad-BP-3  induced  significant  decreases  in 
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Figure  1.  IGFBP-3  suppresses  tumor  growth  and  angiogenesis  in  NSCLC 
xenografts  and  vascular  endothelial  cells.  (A)  HI 299  xenograft  tumor  growth  (left) 
10  days  after  injection  with  IGFBP-3-expressing  adenoviruses  (Ad-BP-3)  or  empty 
viruses  (Ad-EV).  Tumor  growth  is  expressed  as  the  mean  ±  SEM.  An  immunohisto- 
chemical  analysis  of  CD31  (right)  was  performed  in  xenograft  tissues,  and  the 
number  of  CD31-immunoreactive  vessels  per  high-power  field  was  counted.  The 
results  represent  the  mean  calculated  from  5  mice  (bars,  SDs).  *P  <  .05  compared 
with  the  control  group.  Representative  CD31  immunostaining  in  HI 299  xenograft 
tissues  is  included.  (B)  Matrigel  plug  assay  with  A549  cells.  Gross  observed  results  of 
blood  vessels  are  expressed  as  the  mean  of  5  tumors  ±  SEM,  **P  <  .01 .  (C-D)  Effect 
of  CM  from  indicated  NSCLC  cell  lines  that  had  been  infected  with  Ad-EV  or  Ad-BP-3 
(C-D)  or  treated  with  rBP-3  (E-F)  on  HUVEC  proliferation  (C,E),  chick  aortic  sprouting 
(D),  and  HUVEC  tube  formation  (F).  The  results  represent  the  means  (bars,  SDs)  of 
5  identical  wells.  *P  <  .05;  **P  <  .01 ;  ***P  <  .001 . 


H1299  NSCLC  xenograft  tumor  growth  (Figure  1A).  Anti-CD31 
staining  of  the  tumor  tissues  injected  with  Ad-BP-3  revealed 
significantly  decreased  tumor  vascularization  compared  with  those 
injected  with  control  viruses  (AD-EV;  Figure  1A  right).  The 
Matrigel  plugs  that  contained  Ad-BP-3-infected  A549  cells  had 
significantly  fewer  blood  vessels  than  did  those  containing  Ad-EV 
cells  (P  <  .01;  Figure  IB).  These  findings  suggest  that  IGFBP-3 
has  antiangiogenic  and  antitumor  activity  in  NSCLC. 

Tumor  angiogenesis  is  partly  mediated  by  tumor-secreted 
angiogenic  growth  factors  that  interact  with  their  receptors  ex¬ 
pressed  on  endothelial  cells.29  To  determine  whether  IGFBP-3 
suppresses  the  secretion  of  angiogenic  factors  from  NSCLC,  we 
collected  CM  from  Ad-EV-  or  Ad-BP-3-infected  H1299  cells  after 
incubating  them  in  a  serum-free  medium  for  1  day.  As  shown  in 
Figure  1C,  HUVECs  that  had  been  treated  with  CM  from  untreated 
(Con)  or  Ad-EV-infected  cells,  but  not  from  Ad-BP-3-infected 
cells,  demonstrated  significantly  greater  proliferation  than  did 


those  treated  with  endothelial  cell  basal  medium  only.  The  ex  vivo 
chick  aortic  ring  arch  assay  showed  similar  results;  the  CM  from 
untreated  or  Ad-EV-infected  cells,  but  not  the  CM  from  Ad-BP-3- 
infected  cells,  significantly  stimulated  the  formation  of  endothelial 
cell  sprouts  (Figure  ID). 

Because  protein  expression  induced  by  adenoviruses  can  be 
much  greater  than  that  seen  under  real-life  conditions,  we  further 
determined  the  effects  of  exogenously  added  recombinant  IGFBP-3 
(rBP-3),  which  has  a  cytosolic  half-life  of  3  hours.28  We  performed 
a  Western  blot  analysis  to  confirm  that  no  residual  rBP-3  was 
present  in  the  CM  (data  not  shown).  HUVECs  that  had  been  treated 
with  the  CM  from  BP-3-pretreated  cancer  cells  also  showed 
significantly  reduced  proliferation  (Figure  IE)  and  tube  formation 
(Figure  IF)  compared  with  those  treated  with  CM  from  untreated 
NSCLC  cells.  These  findings  suggest  that  IGFBP-3  has  antiangio¬ 
genic  and  antitumor  activity  in  NSCLC,  at  least  partly  because  of 
its  effects  on  NSCLC  cells’  secretion  of  angiogenic  factors. 

IGFBP-3  induces  down-regulation  of  the  bFGF-Egr-1 
transcription  loop 

We  assessed  the  angiogenic  factors  that  are  regulated  by  IGFBP-3. 
Consistent  with  previous  findings  in  which  IGFBP-3  was  found  to 
mediate  the  antiangiogenic  action  of  the  famesyl  transferase 
inhibitor  SCH66336,  which  suppresses  VEGF  expression  in  NSCLC 
and  HNSCC  cells,8-30  Ad-BP-3  reduced  VEGF  expression  in 
HI 299  and  A549  NSCLC  cells  (unpublished  data).  We  determined 
IGFBP-3 ’s  effects  on  bFGF  expression.  Ad-BP-3  led  to  decreased 
bFGF  expression  in  HI 299,  A549,  and  H460  NSCLC  cells  and 
UMSCC38  HNSCC  cells  (Figure  2A)  over  the  range  of  doses  used 
in  the  cell-based  experiments  described  in  Figure  1.  IGFBP-3’s 
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Figure  2.  IGFBP-3  down-regulates  bFGFtranscription.  (A)  Western  blot  analysis 
of  IGFBP-3  and  bFGF  expression  in  NSCLC  and  HNSCC  cells  2  days  after  infection 
with  Ad-EV  or  Ad-BP-3.  (B)  Reduced  bFGF  levels  in  the  CM  from  rBP-3-treated 
UMSCC38  cells.  N.S.  indicates  nonspecific  bands.  (C)  Semiquantitative  RT-PCR 
analysis  of  bFGF  expression  in  H460  cells  infected  with  Ad-EV  or  Ad-BP-3  (left)  or 
transfected  with  scrambled  (Con)  or  IGFBP-3  (BP-3)  siRNA  (right).  (D)  Luciferase 
assay  to  determine  the  effect  of  IGFBP-3  on  bFGF  promoter  activity  in  H460  cells 
transiently  transfected  with  bFGF-Luc  in  association  with  Ad-BP-3  or  Ad-EV  infection 
at  the  indicated  doses  (left),  rBP-3  treatment  (middle),  or  scrambled  (Con)  or 
IGFBP-3  (BP-3)  siRNA  cotransfection  (right).  The  results  represent  the  means  (bars, 
SDs)  of  triplicate  results.  *P  <  .05;  **P  <  .01 ;  ***P  <  .001 . 
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Figure  3.  IGFBP-3  down-regulates  bFGF expression  promoter  activ-  * 
ity  by  regulating  Egr-1  transcription.  (A)  Western  blot  (top)  and  semiquan-  ** 
titative  RT-PCR  (bottom)  analyses  of  IGFBP-3’s  effect  on  Egr-1  and  Sp-1 
protein  and  mRNA  expression  in  H460  cells  that  had  been  infected  with 
Ad-BP-3  or  Ad-EV  for  2  days.  (B)  Luciferase  assay  to  determine  Egr-1 ’s  effect 
on  bFGF  expression.  H460  cells  transiently  transfected  with  bFGF-Luc  and 
pEgr-1,  pBP-3,  or  both;  *P<  .05,  **P<  .01.  (C-D)  RT-PCR  analysis  of 
PDGFa  and  PDGFb  mRNA  expression  in  H460  cells  (C)  and  Western  blot 
analysis  of  PDGF  protein  expression  in  HI 299  and  A549  cells  (D)  after 
infection  with  Ad-EV  or  Ad-BP-3  or  treatment  with  rBP-3.  (E)  Immunohisto- 
chemical  analysis  of  Egr-1,  bFGF,  and  PDGF  expression  in  HI 299 
xenografts  1 0  days  after  injection  with  Ad-EV  or  Ad-BP-3. 
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ability  to  reduce  bFGF  protein  expression  was  further  confirmed  by 
a  Western  blot  analysis  of  rBP-3-treated  H1299  cells  (supplemen¬ 
tal  Figure  1).  A  CM  analysis  from  UMSCC38  cells  revealed  that 
rBP-3  reduced  bFGF  secretion  (Figure  2B).  Ad-BP-3  negatively 
regulated  bFGF  transcription  in  H460  cells  (Figure  2C).  Con¬ 
versely,  IGFBP-3  knockdown  by  siRNA  led  to  increased  bFGF 
mRNA  levels.  We  then  determined  IGFBP-3’s  effects  on  bFGF 
promoter  activity  by  transiently  transfecting  H460  cells  with  a 
pGL3-basic  luciferase  reporter  construct  that  contained  the  5'- 
flanking  promoter  region  of  human  bFGF  (  —  589  to  +26).  bFGF 
promoter  activity  was  significantly  reduced  after  Ad-BP-3  infection 
or  rBP-3  treatment  but  increased  after  IGFBP-3  siRNA  transfection 
(Figure  2D).  Together,  these  data  demonstrate  the  inhibitory  effects 
of  IGFBP-3  on  bFGF  transcription. 

We  next  determined  which  transcription  factors  are  involved  in 
IGFBP-3-regulated  bFGF  promoter  activity.  The  Egr-1  and  Sp-1 
transcription  factors  have  long  been  recognized  as  MAPK- 
dependent  activators  of  bFGF  transcription.13’31,32  Therefore,  we 
determined  IGFBP-3’s  effects  on  Egr-1  and  Sp-1  expression. 
Infection  of  H460  cells  with  Ad-BP-3  dramatically  reduced  Egr-1 
expression  at  the  protein  and  mRNA  levels,  with  no  detectable 
changes  in  Sp-1  expression  of  (Figure  3A).  RT-PCR  (supplemental 
Figure  2A)  and  Northern  blot  (supplemental  Figure  2B)  analyses 
further  confirmed  rBP-3 ’s  and  Ad-BP-3 ’s  ability  to  reduce  bFGF 
and  Egr-1  mRNA  levels.  A  band  shift  analysis  revealed  a  reduction 
in  nuclear  complexes  bound  to  the  Egr-1  gene  promoter  in 
Ad-BP-3-infected  H460  cells  compared  with  in  Ad-EV-infected 
cells  (supplemental  Figure  2C).  These  findings  suggest  that  IGFBP-3 
inhibits  Egr-1  expression,  leading  to  reduced  bFGF  promoter 
activity  and  attenuated  bFGF  expression. 

To  determine  Egr-l’s  effect  on  IGFBP-3-mediated  antiangio- 
genic  activity  in  NSCLC  cells,  we  transiently  cotransfected  H460 
cells  with  the  bFGF  luciferase  reporter  construct  and  an  Egr-1 
expression  vector,  an  IGFBP-3  expression  vector  (p BP-3),  or  both. 
As  shown  in  Figure  3B,  Egr-1  expression  led  to  a  dose-dependent 


increase  in  bFGF  promoter  activity  (left)  and  attenuated  IGFBP-3 ’s 
inhibitory  effects  on  promoter  activity  (right).  These  results 
indicate  that  Egr-1  plays  a  specific  role  in  IGFBP-3-mediated 
suppression  of  bFGF  transcription.  IGFBP-3  also  inhibited  the 
expression  of  PDGF,  another  Egr-l-regulated  angiogenic  factor,  as 
shown  by  the  results  of  an  RT-PCR  analysis  of  PDGF-a  and  -b 
mRNA  levels  in  H460  cells  (Figure  3C)  and  a  Western  blot  analysis 
of  PDGF  protein  expression  in  HI 299  and  A549  cells  (Figure  3D) 
that  had  been  infected  with  Ad-BP-3  or  treated  with  rBP-3.  An 
immunohistochemical  analysis  of  HI 299  xenografts  injected  with 
Ad-BP-3  (Figure  1A)  also  demonstrated  reduced  Egr-1,  bFGF,  and 
PDGF  staining  (Figure  3E).  Collectively,  these  results  demonstrate 
that  IGFBP-3-mediated  Egr-1  suppression  results  in  decreased 
bFGF  and  PDGF  expression. 

IGFBP-3  suppresses  Egr-1  promoter  activity  in  an 
IGF-independent  manner 

The  conventional  function  of  IGFBP-3  is  to  regulate  cell  growth  and 
promote  apoptosis  by  sequestering  free  IGFs.  However,  studies  have 
shown  that  IGFBP-3  also  has  IGF-independent  antitumor  activity.4,33  To 
determine  whether  Egr-1  transcription  regulation  by  IGFBP-3  is  IGF 
dependent,  we  cotransfected  H460  cells  with  a  human  Egr-1  reporter 
construct  and  expression  vectors  carrying  K-ras  (V12)  or  H-ras  (V12), 
along  with  pBP-3  or  an  empty  vector  control. 

Transfection  with  pBP-3  resulted  in  substantial  loss  of  the  Egr-1 
promoter  activity  that  had  been  stimulated  by  K-ras  (V12)  and 
H-ras  (VI 2;  Figure  4A).  Egr-1  transcription  is  known  to  be 
activated  by  environmental  stresses,  such  as  hypoxia  and  radia¬ 
tion.34,35  Egr-1  promoter  activity,  stimulated  by  y-radiation  (8  Gy) 
or  incubation  in  1%  O2,  was  significantly  suppressed  by  pBP-3 
(Figure  4A  right).  We  also  found  that  pBP-3-ggg,  a  mutant 
IGFBP-3  with  a  substitution  of  3  glycine  residues  (Gly56Gly80Gly81) 
that  are  critical  for  the  IGF  binding  domain,33  inhibited  the  Egr-1 
promoter  activity  stimulated  by  IGF-1,  FBS,  or  constitutively 
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Figure  4.  IGFBP-3  inhibits  Egr-1  expression  independently  IGF-1.  (A-B)  The 
wild-type  1.2-kb  Egr-1  promoter  reporter  construct  (Egrl-A-Luc)  was  transiently 
transfected,  with  or  without  pBP-3  or  pBP-3-ggg,  into  NSCLC  H460  cells.  (A)  Cells 
were  stimulated  by  cotransfection  of  plasmids  containing  mutants  of  K-Ras  (VI 2)  or 
H-Ras  (VI 2)  or  by  exposure  to  hypoxia  (1%  02)  or  7-radiation  (8  Gy).  (B)  Cells  were 
stimulated  by  IGF-1  (50  ng/mL)  or  FBS  (10%  and  30%)  for  24  hours  or  cotransfected 
with  plasmids  expressing  CA  MEK.  (C)  R  ~  (IGF-1  R  null  mouse  fibroblasts)  and  R+ 
(R“  cells  transfected  with  IGF-1  R)  cell  lines  were  cotransfected  with  Egrl-A-Luc  and 
pBP-3  or  plGFBP-3-ggg  and  then  stimulated  by  IGF-1  (50  ng/mL)  or  FBS  (10%)  for 
24  hours.  The  data  are  the  mean  ±  SD  from  3  independent  experiments,  with 
4  replicates  per  experiment.  *P<. 05,  **P<.01.  (D)  In  vitro  evaluation  of  the 
antiangiogenic  potential  of  IGFBP-3.  pBP-3-transfected  H460  cells  show  less 
stimulatory  activity  for  HUVEC  proliferation  than  untransfected  H460  cells  in  a 
coculture  assay  system.  The  values  are  the  mean  ±  SD  from  2  separate  experi¬ 
ments,  with  3  replicates  per  experiment.  *P  <  .05,  **P  <  .01 ,  ***P  <  .001 . 


active  MAPK  kinase  (MEK;  AN3/S218E/S222D)  (Figure  4B).36 
pBP-3  and  pBP-3-ggg  reduced  IGF-1-  and  10%  FBS-stimulated 
Egr-1  promoter  activity  in  both  R  (mouse  embryonic  fibroblasts 
from  an  IGF-lR-null  mouse)  and  R+  (R“  cells  transfected  with 
IGF-1R)  cells  (Figure  4C).37  These  findings  suggest  that  the  effects 
of  IGFBP-3  on  Egr-1  promoter  activity  are  IGF-1  independent. 

We  then  determined  whether  this  IGFBP-3-induced  decrease  in 
Egr-1  expression  affected  IGFBP-3-mediated  antiangiogenic  activity. 
To  this  end,  we  cocultured  HUVECs  with  H460  cells  cotransfected  with 
pEgr- 1  and  pBP-3  or  pBP-3-ggg.  As  shown  in  Figure  4D,  HUVECs  that 
had  been  cocultured  with  H460  cells  transfected  with  Egr-1  and  pBP-3 
or  pBP-3ggg  had  significantly  reduced  proliferation  compared  with 
those  cultured  with  H460  cells  transfected  with  pBP-3  or  pBP-3-ggg 
alone,  indicating  attenuation  of  the  antiangiogenic  effects  of  pBP-3  and 
pBP-3ggg  by  Egr-1  expression.  Taken  together,  these  results  demon¬ 


strate  that  IGEBP-3  has  antiangiogenic  activity  in  NSCLC  cells  by 
inhibiting  Egr -1  promoter  activity  through  IGF-1 -independent  pathways. 

IGFBP-3  inhibits  Erk  phosphorylation  and  subsequent  Elk-1 
activation,  leading  to  a  reduction  in  Elk-1  binding  to  SREs  in 
the  Egr-1  promoter 

The  promoter  region  (—935  to  + 12)  of  Egr-1  contains  AP-1,  Sp-1, 
cAMP  response  element,  and  SREs  and  their  adjacent  Ets  binding 
sites.13  To  identify  the  promoter  elements  that  are  involved  in 
IGFBP-3-regulated  Egr-1  promoter  activity,  we  assessed  a  1.2-kb 
Egr-1  promoter  construct  (A)  and  several  5 '-truncated  deletion 
mutant  constructs  (B  to  V)13  for  promoter  activity  in  H460  cells  that 
had  been  transiently  cotransfected  with  pBP-3.  Deletion  of  the 
2  AP-1  binding  sites  and  3  Sp-1  binding  sites  (C  construct)  or  the 
CRE  sites  and  two  3'-SREs  (SRE  1  and  2;  D  construct)  had  little 
effect  on  promoter  activity  compared  with  the  A  construct,  and  the 
promoter  activities  of  these  3  constructs  (A,  C,  and  D)  were 
strongly  inhibited  by  cotransfection  with  pBP-3  (Figure  5A).  In 
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Figure  5.  IGFBP-3  inhibits  Egr-1  transcription  by  inactivating  Erk-Elkl  and  Elkl 
binding  to  SRE  sites  in  the  Egr-1  promoter.  (A-B)  IGFBP-3’s  effects  on  Egr-1 
promoter  activity.  H460  cells  were  transiently  cotransfected  with  Egr-1  Luc  constructs 
(A)  or  an  Egr-1  Luc  construct  carrying  mutations  in  the  3  5'-SRE  sites  (SRE  3,  4,  and 
5;  B),  along  with  an  empty  vector  (pEV)  or  pBP-3.  The  important  genetic  elements  in 
the  Egr-1  regulatory  region  are  shown,  including  the  SRE  sites,  CRE  sites,  GC,  and 
TATA  boxes.  The  data  are  the  mean  ±  SD  from  3  independent  experiments,  with 
4  replications  per  experiment.  *P  <  .05,  **P  <  .01 ,  ***P  <  .001  compared  with 
pEV-transfected  cells.  (C)  IGFBP-3  reduces  in  vivo  binding  of  Elk-1  to  the  Egr-1 
promoter.  H460  cells,  treated  with  rBP-3  or  bovine  serum  albumin  or  infected  with 
Ad-BP-3  or  Ad-EV,  cross-linked  and  immunoprecipitated  with  antibodies  specific  for 
IGFBP-3,  Elk-1,  SRF,  or  a  normal  serum  control  antibody  (immunoglobulin).  The 
second  primer  denotes  PCR  samples  using  a  pair  of  negative  control  primers  correspond¬ 
ing  to  the  exon  1  sequence  of  the  Egr-1  gene.  (D-E)  Western  blot  analysis  for  the  indicated 
proteins  in  H460  cells  (D)  and  R  and  R+  cells  (E)  treated  with  the  indicated 
concentrations  of  rBP-3  for  2  days  and  stimulated  with  IGF-1  for  1 5  minutes. 
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contrast,  removal  of  regions  upstream  of  the  SRE  1  or  2  sites  (E  and 
F  constructs)  led  to  a  dramatic  reduction  in  Egr-1  promoter’s 
activity  and  response  to  IGFBP-3  expression.  Loss  of  all  5  SRE 
sites  and  2  CRE  sites  (B  construct)  led  to  a  total  elimination  of 
Egr-1  promoter  activity.  In  contrast,  pBP-3  had  no  effect  on  the 
activity  of  the  Egr-1  promoter  that  carried  mutations  in  the 
3  5'-SRE  sites  (SRE  3, 4,  and  5;  CSREm345  construct;  Figure  5B). 

These  findings  suggest  that  the  regions  upstream  of  SRE  1  and 
2,  especially  the  3  5'-SRE  sites  (SRE  3, 4,  and  5),  contain  promoter 
elements  that  are  regulated  by  IGFBP-3.  The  Egr-1  promoter 
sequence  that  encompasses  SRE  sites  3-5  contains  a  cluster  of  Ets 
motifs  (GGA  sequence),38  and  these  SRE  sites  and  adjacent  Ets 
motifs  are  continuously  occupied  by  ternary  complex  factors 
transcription  factors.39-41  The  authors  of  previous  studies  have 
shown  that  Elk-1,  in  combination  with  SRF,  participates  in  the 
initiation  of  Egr-1  transcription.42  Hence,  we  hypothesized  that 
IGFBP-3  treatment  would  inhibit  the  binding  of  Elk-1  or  SRF  to 
the  Egr-1  promoter,  leading  to  reduced  Egr-1  transcription.  We 
performed  a  ChIP  assay  by  using  2  primer  sets  that  encompassed 
the  5'-SRE  sites  or  the  first  exon  (as  a  negative  control)  and  H460 
cells  treated  with  Ad-BP-3  or  rBP-3.  IGFBP-3  did  not  interact 
directly  with  the  SRE  sites  and  did  not  affect  SRF’s  binding  to  these 
sites  (Figure  5C).  In  contrast,  IGFBP-3  markedly  reduced  Elk-l’s 
binding  to  the  5'-SRE  sites.  The  immunoprecipitates  with  preim- 
mune  serum  (immunoglobulin)  showed  no  significant  binding  to 
these  sites.  These  results  suggest  that  IGFBP-3  regulates  Egr-1 
transcription  by  indirectly  inhibiting  Elk-l’s  binding  to  the  5' -SRE 
sites  in  the  Egr-1  promoter. 

The  authors  of  previous  studies  have  indicated  that  transcrip¬ 
tional  Egr-1  activation  is  regulated  by  Elk-1  phosphorylation 
through  the  MEK/Erk  signaling  cascade,20  which  is  required  to 
recruit  SRF  to  the  SREs  in  the  Egr-1  promoter.43  Thus,  we 
determined  whether  IGFBP-3  interfered  with  the  Raf-MAPK-Elk 
phosphorylation  cascade  in  H460  cells.  A  Western  blot  analysis 
revealed  that  phosphorylated  Erkl/2  (pErkl/2)  and  phosphorylated 
Elk-1  (pElk-1)  expression  was  dramatically  reduced  by  IGFBP-3 
treatment,  whereas  total  and  phosphorylated  Raf  and  MEK1/2 
levels  were  not  affected  (Figure  5D).  Likewise,  pBP-3  transfection 
led  to  reduced  pErkl/2  expression,  with  no  change  in  pMEKl/2 
levels  (supplemental  Figure  3).  An  additional  experiment  using  R” 
and  R+  cells  treated  with  rBP-3  and  stimulated  with  IGF-1  resulted 
in  reduced  pErkl/2,  pElk-1,  and  Egr-1  levels,  with  no  change  in 
pMEKl/2  levels  in  both  cell  lines  (Figure  5E).  In  contrast,  neither 
pIGF-lR  nor  pAkt  levels  were  affected  in  rBP-3-treated  R~  cells. 
Together,  these  findings  suggest  that  IGFBP-3  inhibits  Erkl/2  and 
Elk-1  activation  through  IGF- 1-independent  mechanisms,  leading 
to  reduced  binding  of  Elk-1  to  SREs  in  the  Egr-1  promoter  and 
Egr-1  transcription  suppression. 

IGFBP-3  binds  to  and  inactivates  Erkl/2 
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Figure  6.  IGFBP-3  binds  to  and  inactivates  Erk.  (A,C-D)  H1299  cells  were 
pretreated  with  rBP-3  for  3  hours  (A)  or  transiently  transfected  with  pEV  or  pBP-3  (C), 
or  with  pEV-Flag  or  pBP-3-Flag  (D)  for  2  days.  Lysates  from  HI  299  cells  were  used 
for  immunoprecipitation  with  rabbit  anti-Erkl/2  antibody.  Erkl/2,  Flag,  IGFBP-3,  and 
p38a  were  detected  by  Western  blotting.  Whole  cell  lysates  (WCLs)  were  subjected 
to  a  Western  blot  assay  for  phospho-Erk  and  phospho-p38  to  determine  specific 
inhibition  of  Erk  by  IGFBP-3.  EV:  empty  vector.  pBP-3-Flag:  pCMV6-IGFBP-3-Flag. 
(B)  Ni-NTA  bead-bound  his-tagged  rBP-3  was  incubated  with  H 1 299  whole  cell  lysate 
(150, 300,  or  450  |xg)  for  5  hours  before  being  washed  and  subjected  to  Western  blot 
analysis  for  Erkl/2,  p38a,  and  IGFBP-3.  (E)  H1299  cells  were  incubated  with  rBP-3 
for  3  hours  and  stimulated  with  10%  FBS;  samples  were  removed  at  different  time 
points,  as  shown.  The  cell  lysates  were  used  for  immunoprecipitation  with  rabbit 
anti-Erk  antibody.  Western  blotting  was  used  to  detect  IGFBP-3  and  Erk  from 
immunoprecipitation  or  whole  cell  lysates. 


We  determined  the  IGF-independent  mechanisms  by  which 
IGFBP-3  may  deregulate  Erkl/2  activation.  IGFBP-3  has  been 
shown  to  act  independently  of  the  IGF  system  by  binding  to  its  own 
receptors  or  other  cellular  proteins,  although  the  mechanism  by 
which  this  occurs  has  not  been  clearly  identified.  Therefore,  we 
determined  whether  IGFBP-3  interacted  with  Erkl/2  using  H1299 
cells  that  do  not  express  IGFBP-3.44  First,  we  performed  coimmu- 
noprecipitation  assays  by  using  HI 299  cell  lysates  that  had  been 
pretreated  with  rBP-3.  H1299  cell  immunoprecipitation  with  the 
use  of  an  anti-Erkl/2  antibody,  followed  by  Western  blotting  for 
IGFBP-3,  revealed  an  association  between  Erkl/2  and  rBP-3 
(Figure  6A).  Second,  we  determined  in  vitro  whether  IGFBP-3 


directly  interacts  with  Erkl/2.  rBP-3  protein  conjugated  to  NTA- 
agarose  beads  was  incubated  with  HI 299  cell  lysates,  washed, 
electrophoresed,  and  immunoblotted  for  Erkl/2  and  p38.  We  found 
an  interaction  between  IGFBP-3  and  Erkl/2  that  increased  with  the 
amount  of  the  cell  lysate  added  (Figure  6B).  However,  we  did  not 
detect  an  interaction  between  p38a  and  IGFBP-3. 

Because  large  amounts  of  recombinant  protein  may  cause  coimmu- 
noprecipitation  artifacts  and  binding  of  cellular  extracts  to  IGFBP-3 
conjugated  to  affinity  beads  may  not  establish  that  IGFBP-3  interacts 
with  Erkl/2  in  vivo,  we  performed  coimmunoprecipitation  assays  by 
using  HI 299  cell  lysates  that  had  been  transfected  with  expression 
vectors  carrying  IGFBP-3  (pBP-3;  Figure  6C)  or  Flag-tagged 
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Angiogenesis 

Figure  7.  Translocalization  and  colocalization  of  rBP-3  with  Erk  in  HI  299  cells.  (A)  HI  299  cells  on  cover  slips  were  treated  with  rhlGFBP-3  (10  ji  g/mL)  and  fixed  at  0, 10, 
30,  and  60  minutes  after  being  washed  3  times  in  PBS.  Nuclei  (blue)  were  stained  with  Hoechst  33342  (1  pg/mL).  Erkl/2  (green)  was  stained  with  mouse  anti-Erk  antibody  and 
secondary  antibodies  conjugated  with  Alexa  Fluor  488.  IGFBP-3  (red)  was  stained  with  rabbit  anti-IGFBP-3  antibody  and  secondary  antibodies  conjugated  with  Alexa  Fluor 
568.  For  the  negative  control,  cells  treated  with  rhlGFBP-3  for  60  minutes  were  stained  with  secondary  but  not  primary  antibodies.  Neg  Con:  negative  control.  Colocalization 
map:  schematic  plot  of  colocalization;  white  dots  represent  the  colocalization  of  Erk  and  IGFBP-3.  The  empty  arrowhead  indicates  IGFBP-3  accumulation  near  the  cell 
membrane.  (B)  Schematic  model  of  IGFBP-3's  angiogenesis  inhibition.  IGFBP-3  inhibits  tumor  angiogenesis  by  IGF-dependent  and  -independent  mechanisms.  In  the 
IGF-independent  mechanism,  IGFBP-3  directly  binds  to  and  inactivates  Erkl/2,  prevents  Elk-1  activation  and  binding  between  activated  Elk-1  and  Egr-1  promoter,  and  inhibits 
expression  of  Egr-1  and  its  target  genes,  including  bFGF  and  PDGF,  resulting  in  suppression  of  angiogenesis  and  tumor  growth. 


IGFBP-3  (pBP-3-Flag;  Figure  6D).  We  found  an  association 
between  Erkl/2  and  IGFBP-3  in  these  cells,  further  confirming  an 
Erkl/2-IGFBP-3  interaction.  In  contrast,  a  control  immunoprecipi- 
tation  using  an  anti-p38a  antibody  revealed  that  p38a  was  not 
associated  with  IGFBP-3  (Figure  6D  bottom).  IGFBP-3-Flag 
expression  induced  a  marked  decrease  in  Erk  phosphorylation,  with 
a  slight  increase  in  p38a  phosphorylation.  These  findings  suggest  a 
direct  and  specific  interaction  between  Erkl/2  and  IGFBP-3.  Thus, 
the  interaction  between  IGFBP-3  and  Erk  does  not  appear  to  be  an 
artifact  of  the  high  IGFBP-3  concentration. 

We  then  correlated  Erkl/2  activation  with  the  association 
between  IGFBP-3  and  Erkl/2  by  incubating  HI 299  cells  with 
rBP-3  in  serum-free  conditions  and  analyzing  samples  obtained  at 
several  time  points  up  to  30  minutes  after  stimulation  with  10% 
FBS.  IGFBP-3  was  strongly  associated  with  Erkl/2  under  the 
serum-starved  condition  (Figure  6E).  We  found  that  10%  FBS 
stimulated  Erkl/2  activation  in  control  cells;  however,  Erkl/2 
remained  inactive  in  rBP-3-treated  cells  in  which  IGFBP-3 
associated  with  Erkl/2.  IGFBP-3  levels  in  H1299  cells  gradu¬ 
ally  decreased  15  minutes  after  FBS  stimulation,  and  Erkl/2 
was  rephosphorylated.  These  findings  suggest  that  IGFBP-3 
binds  to  Erkl/2,  obstructing  its  activation  and  downstream 
signaling  cascades. 

Transcolocalization  of  IGFBP-3  with  Erk  in  HI 299  cells 

We  performed  confocal  microscopy  to  determine  whether 
exogenously  supplied  recombinant  IGFBP-3  protein  entered  the 


cytosol  and  interacted  with  Erk.  Serum-starved  HI 299  cells 
were  treated  with  rBP-3  (10  p,g/mL)  for  1  hour;  the  cells  were 
collected  after  0,  10,  30,  and  60  minutes  and  subjected  to 
immunofluorescence  staining  with  antibodies  against  IGFBP-3 
or  Erkl/2.  As  shown  in  Figure  7A,  IGFBP-3  was  localized  near 
the  membrane  and  in  the  cytosol  10  minutes  after  treatment  and 
translocalized  more  to  the  cytosol  by  60  minutes.  Furthermore, 
IGFBP-3  and  Erkl/2  colocalization  at  the  cytoplasmic  and 
perinuclear  regions  was  markedly  increased  after  60  minutes. 
Interestingly,  nuclear  colocalization  of  IGFBP-3  and  Erkl/2  was 
not  detected,  suggesting  that  IGFBP-3  binds  and  inactivates 
Erkl/2,  resulting  in  suppression  of  Erkl/2  nuclear  localization. 


Discussion 

IGFBP-3  is  known  to  have  IGF-independent  antiangiogenic  antitu¬ 
mor  activities;  however,  mechanisms  by  which  the  IGF-indepen¬ 
dent  activities  of  IGFBP-3  are  mediated  are  not  clearly  understood. 
In  this  article,  we  have  demonstrated  a  novel  principal  mechanism 
by  which  IGFBP-3  blocks  tumor  angiogenesis  induced  by  NSCLC 
cells,  including  blocking  the  autocrine  and  paracrine  loops  of 
angiogenic  factors  by  inhibiting  the  production  of  angiogenic 
factors  such  as  bFGF  and  PDGF.  IGFBP-3  appears  to  bind  to  and 
inactivate  Erkl/2,  which  results  in  Elk-1  inactivation  and  Elk-1- 
SRE  binding  suppression  in  the  Egr-1  promoter.  Ultimately,  this 
inhibits  the  transcription  of  Egr-1  and  its  target  genes,  including 
bFGF  and  PDGF. 
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Because  IGFBP-3  has  been  shown  to  inhibit  vascular  endothe¬ 
lial  cell  survival45  46  and  induce  tumor  vasculature  normalization,47 
it  is  believed  to  have  antiangiogenic  properties.  In  support  of  this 
notion,  IGFBP-3-mediated  antitumor  activities  have  been  found  to 
involve  angiogenesis  suppression  in  various  cancer  types.7'8'45 
However,  to  date,  the  mechanisms  by  which  IGFBP-3  regulates 
angiogenesis  are  not  understood. 

We  investigated  the  mechanisms  that  mediate  IGFBP-3’s  antian¬ 
giogenic  activity  and  found  that  it  regulates  the  expression  of  bFGF 
and  PDGF,  potent  angiogenic  factors,  in  NSCLC,  HNSCC,  and 
vascular  endothelial  cells.  Because  the  Egr-1  transcription  factor 
plays  a  role  in  regulating  these  angiogenic  factors’  expression  by 
binding  to  the  G/C-rich  consensus  element  in  their  promoters,  we 
determined  effects  of  IGFBP-3  on  Egr-1  expression.  As  expected, 
IGFBP-3  decreased  Egr-1  promoter  activity  and  expression;  it  also 
led  to  reduced  transcription  of  Egr-1  target  genes,  including  bFGF 
and  PDGF.  Furthermore,  Egr-1  overexpression  restored  the  bFGF 
promoter  and  angiogenic  activities  that  had  been  suppressed  by 
IGFBP-3.  Therefore,  IGFBP-3  may  regulate  tumor  angiogenesis 
through  mechanisms  that  involve  Egr-1,  a  transcription  factor  for 
bFGF  and  PDGF  expression. 

IGFBP-3  leads  to  decreased  clusterin  expression,  which  is  induced 
by  stress-induced  Egr-1  transactivation  through  IGF-IR-Src-MEK-Erk 
signal  transduction  cascade  activation.48  Hence,  the  inhibitory  effect  of 
IGFBP-3  on  Egr-1  expression  and  the  resultant  reduction  in  bFGF  and 
PDGF  transcription  may  have  occurred  through  IGF-dependent  mecha¬ 
nisms.  However,  Egr-1  regulation  by  IGFBP-3  appears  to  include  novel 
IGF-independent  mechanisms  for  the  following  reasons:  (1)  both 
wild-type  IGFBP-3  and  the  non-IGF-binding  IGFBP-3-ggg  mutant 
suppressed  the  Egr-1  promoter  activity  that  had  been  stimulated  by 
mitogenic  and  nonmitogenic  stimuli  in  H1299,  IGF-lR-null  (R“),  and 
IGF-lR-positive  (R+)  cells;  and  (2)  Egr-1  overexpression  abrogated  the 
antiangiogenic  activity  of  wild-type  IGFBP-3  and  the  IGFBP-3-ggg 
mutant  in  NSCLC  cells.  Our  gross  promoter  deletion  and  mutation 
analyses  revealed  that  the  SREs  and  their  adjacent  Ets  sites  are  critical  to 
the  IGFBP-3-mediated  reduction  in  Egr-1  transcription.  Importantly, 
our  ChIP  assay  results  showed  that  Elk- 1  ’s  binding  to  SRE  sites  3-5  was 
inhibited  by  IGFBP-3  treatment,  whereas  SRF  binding  was  not  affected. 
This  pattern  of  constitutive  binding  by  SRF  without  ternary  complex 
formation  is  consistent  with  some49-50  SRE-mediated  transcription 
models.  One  possible  mechanism  of  the  IGFBP-3-mediated  down- 
regulation  of  Elk-1  binding  is  inactivation  of  the  Ras-Raf-MEKl/2- 
Erkl/2  signaling  cascade,  which  phosphorylates  and  activates  Elk-1  and 
regulates  SRE-Ets-mediated  Egr-1  transcription.49  The  Ras-Raf-MEKl/ 
2-Erkl/2  pathway  regulates  endothelial  cell  behavior  during  angio¬ 
genesis  by  stimulating  cell  proliferation,  survival,  migration,  and 
invasion.51-52  MEK1  knockout  mice  have  defects  in  angiogenesis  in 
the  placenta,  resulting  in  embryonic  lethality.53  Surprisingly,  our 
biochemical  analysis  revealed  that  rBP-3  treatment  resulted  in  Erkl/2 
inactivation  and  suppression  of  Elk-1  and  Egr-1  expression  without 
concordant  inactivation  of  MEK1/2  in  NSCLC,  R+,  and  R  cells.  These 
findings  demonstrate  that  IGFBP-3  can  inactivate  Erk/Elk-1  indepen¬ 
dent  of  MEK-1. 

Scaffolding  proteins,  such  as  Ras  kinase  suppressor,  MAPK 
organizer- 1,  and  MEK  partner- 1,  are  known  as  regulators  of  the 
Ras-Raf-MEK  signaling  pathway.54  This  knowledge  led  us  to  begin 
investigating  the  potential  involvement  of  these  scaffolding  pro¬ 
teins  in  IGFBP-3-mediated  Erkl/2  inactivation.  However,  we 
detected  no  interactions  among  these  scaffolding  proteins  and 
IGFBP-3  in  HI 299  or  H460  cells  that  had  been  transfected  with 
pBP-3  or  infected  with  Ad-BP-3  (data  not  shown).  Furthermore, 
interaction  between  these  scaffolding  proteins  and  signaling  com¬ 


ponents  of  Ras-Raf-MEK-Erk  signaling  was  not  appreciably 
changed  by  the  IGFBP-3  expression.  These  findings  suggest  that 
IGFBP-3  inactivates  Erkl/2  through  mechanisms  that  are  indepen¬ 
dent  of  these  scaffolding  proteins.  Surprisingly,  our  data  clearly 
demonstrated  that  IGFBP-3  can  directly  interact  with  Erkl/2, 
leading  to  Erkl/2  activity  suppression.  This  interaction  appeared 
to  be  Erkl /2-specific  because  the  high  level  of  IGFBP-3 
obtained  after  treatment  with  recombinant  protein  or  transient 
transfection  with  mammalian  expression  vector  did  not  induce 
p38  binding. 

In  summary,  our  data  provide  a  model  of  an  IGF-independent 
mechanism  through  which  IGFBP-3  inhibits  the  Erkl/2-Elk-l 
activation  loop  and  thus  reduces  Egr-1  expression.  The  intracellular 
translocalization  of  IGFBP-3  may  have  been  mediated  by  mem¬ 
brane  receptors,  as  proposed  in  previous  studies.55'57  In  this  study, 
recombinant  IGFBP-3  translocated  through  the  membranes  into  the 
cytoplasm.  Additional  mechanisms  underlying  the  IGFBP-3- 
mediated  inactivation  of  Erkl/2  should  be  explored  (such  as 
whether  IGFBP-3’s  binding  to  surface  receptors  triggers  phospha¬ 
tases  to  dephosphorylate  Erkl/2),  our  current  data  provide  a 
schematic  model  in  which  IGFBP-3  directly  binds  to  Erkl/2  and 
inhibits  its  activation,  thereby  preventing  Elk-1  phosphorylation. 
IGFBP-3’s  dissociation  from  Erkl/2  during  mitogen  stimulation 
allows  Erkl/2  activation,  leading  to  Elk-l-induced  expression  of 
Egr-1 ,  a  master  transcription  factor  that  regulates  genes  that  are 
strongly  implicated  in  tumor  growth  and  angiogenesis.  Ultimately, 
this  activation  stimulates  the  Egr-1 -mediated  transcriptional  events 
observed  in  cancer  cells  (Figure  7B). 

Antiangiogenic  therapies  currently  in  clinical  trials  induce 
acquired  resistance  in  cells  by  causing  them  to  shift  to  other  growth 
factor-induced  angiogenesis  mechanisms.  Therefore,  IGFBP-3  ’s 
ability  to  regulate  multiple  potent  angiogenic  factors  makes  it  an 
attractive  antiangiogenic,  antineoplastic  agent.  However,  because 
reduced  tumor  vascularization  after  antiangiogenic  therapy  could 
induce  hypoxia  and  thus  promote  the  spread  of  cancer  cells  toward 
a  more  oxygenated  environment,58  extensive  studies  are  needed 
before  clinical  trials  in  which  IGFBP-3  overexpression  is  induced 
are  considered.  In  this  work,  we  did  not  determine  the  exact 
mechanisms  by  which  IGFBP-3  enters  cells  and  by  which  serum 
stimulation  induces  IGFBP-3  dissociation  from  Erkl/2,  although 
serum  stimulation  may  activate  proteases,  including  various  MMPs, 
that  cause  IGFBP-3’s  degradation.59"61  Further  studies  are  war¬ 
ranted  to  understand  the  molecular  mechanisms  of  IGFBP-3- 
Erkl/2  interaction. 
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Introduction:  S-1  is  a  rationally  designed  oral  agent  that  combines 
the  5-fluorouracil  prodrug  tegafur  with  gimeracil  and  oteracil,  which 
inhibit  5-fluorouracil  degradation  by  dihydropyrimidine  dehydro- 
nase  and  phosphorylation  within  the  gastrointestinal  tract,  respec¬ 
tively,  to  increase  antineoplastic  activity  while  reducing  gastrointes¬ 
tinal  toxicity.  We  investigated  the  activity  and  toxicity  of  S-1  in 
combination  with  cisplatin  in  patients  with  unresectable  non-small 
cell  lung  cancer  (NSCLC). 

Methods:  Cisplatin,  75  mg/m2,  was  administered  intravenously  on 
day  1,  with  S-1,  25  mg/m2  PO  two  times  a  day,  days  1  to  14,  every 
21  days  for  a  maximum  of  six  cycles.  Primary  end  point  was  overall 
response. 

Results:  A  total  of  58  patients  received  at  least  one  cycle  of 
protocol-specified  therapy.  The  best  overall  response  rate  was  23.2% 
(95%  confidence  interval:  13.0-36.4),  and  the  disease  control  rate 
was  67.9%.  The  median  progression-free  survival  was  4.0  months 
(95%  confidence  interval:  3. 3-5. 5).  There  did  not  appear  to  be  any 
relationship  between  response  to  therapy  and  tumor  histology.  The 
most  frequently  reported  adverse  events  of  G3  or  more  (>10%) 
were  neutropenia  (28%),  hyponatremia  (19%),  diarrhea  (17%),  hy¬ 
pokalemia  (12%),  fatigue  (10%),  dehydration  (10%),  and  deep  vein 
thrombosis  (10%). 

Conclusions:  Although  the  S-1  +  cisplatin  regimen  used  in  this 
study  appeared  to  have  a  similar  level  of  antitumor  activity  and 
toxicity  to  that  of  established  cisplatin-based  doublets  in  NSCLC, 
the  protocol-specified  criteria  of  sufficient  efficacy  to  warrant  further 
study  with  an  objective  response  rate  >30%  was  not  achieved. 
Therefore,  while  S-1  appears  to  be  a  promising  agent  in  NSCLC, 
further  evaluation  should  be  conducted  to  determine  the  optimal 
S-1 -based  regimen  to  take  forward  for  additional  study. 
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Lung  cancer  is  the  second  most  common  form  of  cancer 
and  the  leading  cause  of  cancer  death  in  both  men  and 
women  in  the  United  States.  Data  from  the  American 
Cancer  Society  projected  more  than  219,440  new  cases  of 
lung  cancer  in  2009. 1  Lung  cancer  is  still  a  highly  lethal 
malignancy  in  both  genders,  with  a  5 -year  survival  rate 
that  is  less  than  15%. 

Chemotherapy  for  stage  IV  non-small  cell  lung  cancer 
(NSCLC)  is  still  suboptimal,  and  for  all  intents  and  purposes, 
metastatic  lung  cancer  remains  incurable.  The  currently  ac¬ 
cepted  frontline  therapy  for  unresectable  NSCLC  is  platinum- 
based  doublet  therapy  with  or  without  biological  com¬ 
pounds.2  The  standard  of  care  for  most  “fit”  patients  is  a 
combination  of  cisplatin  or  carboplatin  with  a  taxane  (pacli- 
taxel  or  docetaxel),  vinorelbine,  a  topoisomerase  inhibitor 
(irinotecan  or  topotecan),  pemetrexed,  or  gemcitabine.3  How¬ 
ever,  in  multiple  randomized  multi-institutional  trials,  each  of 
the  doublets  has  a  comparable  response  rate  of  approximately 
20%,  median  progression-free  survival  (PFS)  of  4  to  5 
months,  median  overall  survival  of  8  to  10  months,  and 
1-year  survival  of  35  to  40%.  Toxicities,  although  manage¬ 
able,  can  be  considerable,  including  myelosuppression  and 
neutropenic  fever,  neuropathy,  and  gastrointestinal  toxicities. 
Recently,  with  an  appreciation  of  the  influence  of  histology 
on  response  and  survival  associated  with  certain  regimens,  a 
modest  improvement  (median  survival  of  12  months)  has 
been  observed  with  the  addition  of  the  vascular  endothelial 
growth  factor  inhibitor  bevacizumab  to  platinum-based  ther¬ 
apy  in  nonsquamous  carcinomas,  and  the  utilization  of  pem¬ 
etrexed  was  limited  to  the  same  patient  population.4  While 
this  modest  progress  is  encouraging,  it  is  clear  that  other 
agents  and  regimens  must  be  evaluated. 

5-Fluorouracil  (5-FU),  one  of  the  most  underutilized 
antineoplastic  agents,  has  minimal  activity  against  NSCLC, 
potentially  due  to  an  overexpression  of  dihydropyrimidine 
dehydronase  (DPD)A6  The  most  recent  studies  have  evalu¬ 
ated  bolus  infusions  of  5-FU,  usually  in  combination  with 
other  agents  such  as  cisplatin  and  etoposide  or  a  vinca 
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FIGURE  1.  Components  of  S-1  and 
role  in  the  metabolism  of  5-fluorou- 
racil. 


alkaloid,  or  radiotherapy.7-11  Single  agent  5-FU  is  modestly 
active  in  combination  with  leucovorin,  with  a  16%  objective 
response  rate  noted  in  one  study.9  Although  5-FU  may  be 
more  active  when  administered  continuously,  prolonged  in¬ 
fusion  is  cumbersome  for  most  patients.  To  date,  there  have 
only  been  a  few  prior  reports  of  the  oral  fluoropyrimidine, 
tegafur  and  uracil,  and  capecitabine  administered  to  patients 
with  NSCLC. 11-16 

S-1  is  a  novel  oral  fluoropyrimidine  that  combines 
tegafur  (5-fluoro-l-[tetrahydro-2-furyl]uracil),  a  prodrug  of 
5-FU,  with  two  modulators,  gimeracil  (5-chloro-2,4-dihy- 
droxypyridine,  CDHP),  which  inhibits  5-FU  degradation  by 
DPD  inhibition,  and  oteracil  potassium  (monopotassium 
l,2,3,4-tetrahydro-2,4-dioxo-l,3,5-triazine-6-carboxylate), 
which  inhibits  5-FU  phosphorylation  in  the  digestive  tract 
(Figure  l).17  CDFIP  is  about  180  times  more  potent  than 
uracil  in  inhibiting  DPD  in  both  the  tumor  and  the  liver,  thus 
allowing  greater  concentrations  of  5-FU  to  go  though  the 
anabolic  pathway  than  that  of  tegafur  and  uracil  alone.18  S-1 
is  rationally  designed  to  achieve  enhanced  antitumor  activity 
while  decreasing  gastrointestinal  tract  toxicity.  S-1  is  cur¬ 
rently  marketed  in  Japan,  South  Korea,  China,  and  Singapore 
for  the  treatment  of  cancers  of  the  stomach.  In  Japan,  phase  II 
trials  of  S-1  have  shown  promising  efficacy  (response  rate: 
33-47%,  median  survival  time:  11-16  months)  and  tolera¬ 
bility  as  first-line  chemotherapy  for  patients  with  advanced 
NSCLC.19-20  Based  on  evidence  of  benefit  in  prior  studies, 
and  as  the  ultimate  outcome  of  systemic  therapy  in  NSCLC  is 
still  poor,  we  investigated  a  combination  of  S-1  with  cisplatin 
in  patients  with  advanced  NSCLC. 

MATERIALS  AND  METHODS 
Study  Design 

This  was  an  open-label,  multicenter,  single-arm,  three- 
stage,  phase  II  study  evaluating  the  efficacy  and  safety  of  S-1 
in  combination  with  cisplatin  in  patients  who  have  not  re¬ 


ceived  any  prior  therapy  for  advanced  NSCLC.  The  three 
stages  of  this  study  corresponded  to  a  run-in  tolerability  stage 
(stage  1),  a  futility  stage  (stage  2),  and  a  decision  stage  (stage 
3).  The  run-in  tolerability  stage  was  conducted  at  a  limited 
number  of  sites  to  assess  any  additional  toxicity  associated 
with  a  more  frequent  schedule  of  administration  of  cisplatin 
(75  mg/m2  every  3  weeks)  versus  the  dosing  regimen  estab¬ 
lished  in  a  prior  phase  I  study  in  patients  with  advanced 
gastric  cancer  (75  mg/m2  every  4  weeks).21  Stage  2  was 
conducted  to  ensure  that  the  treatment  combination  was 
sufficiently  efficacious  to  expose  a  sufficient  number  of 
patients  to  be  able  to  make  a  decision  (stage  3)  whether  this 
combination  treatment  warranted  further  evaluation  in  future 
studies. 

Eligibility 

All  patients  were  required  to  have  a  histologic  or 
cytologic  diagnosis  of  NSCLC  that  was  either  locally  ad¬ 
vanced  but  not  amenable  to  treatment  with  radiotherapy  or 
surgery  or  metastatic  disease.  Mixed  small  cell  and  non-small 
cell  histologies  were  not  allowed.  Other  eligibility  criteria 
included  an  Eastern  Cooperative  Oncology  Group  (ECOG) 
performance  status  0  to  1;  age  18  years  or  older;  using 
effective  contraception;  and  have  evidence  of  good  end-organ 
function  (absolute  neutrophil  count  >1500/pJ,  platelet  count 
>100,000/;uJ,  calculated  creatinine  clearance  >60  ml/min, 
and  bilirubin  <1.5  X  normal).  Patients  were  excluded  if  they 
were  either  pregnant  or  lactating;  had  a  myocardial  infarction; 
had  other  active  malignancy;  had  prior  chemotherapy  for 
metastatic  disease  (prior  chemotherapy  for  adjuvant  or  neo¬ 
adjuvant  therapy  was  allowed  provided  it  was  completed  at 
least  12  months  earlier);  had  prior  radiotherapy  to  an  indica¬ 
tor  lesion  unless  there  was  objective  evidence  of  tumor 
growth  in  that  lesion;  had  evidence  of  uncontrolled  symp¬ 
tomatic  metastatic  disease  of  the  central  nervous  system;  had 
received  either  radiotherapy  or  surgery  within  2  weeks;  had 
any  investigational  agent,  either  currently  or  within  the  past 
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30  days;  or  had  any  comorbid  condition  that,  in  the  view  of 
the  attending  physician,  might  place  the  patient  at  an  in¬ 
creased  risk  for  treatment  complications.  All  patients  were 
required  to  provide  signed  informed  consent. 

Treatment  Plan 
Study  Evaluations 

Within  1  week  of  the  initiation  of  therapy,  all  patients 
were  required  to  undergo  a  baseline  evaluation,  including  a 
medical  history  and  physical  examination,  complete  blood 
count  with  leukocyte  differential,  and  serum  chemistries.  A 
computed  tomography  or  magnetic  resonance  imaging  scan 
for  tumor  measurement  was  to  be  obtained  within  4  weeks  of 
therapy.  Blood  counts  were  repeated  weekly  during  each 
cycle,  along  with  the  serum  chemistries,  before  each  cycle. 
Repeat  radiographic  evaluation  was  performed  before  every 
other  cycle  until  the  observation  of  progressive  disease  (PD) 
to  document  tumor  response. 

Chemotherapy  Guidelines 

All  patients  received  S-l,  25  mg/m2,  administered 
orally  twice  daily  from  days  1  through  14,  and  cisplatin,  75 
mg/m2,  administered  intravenously  (IV)  as  a  1-  to  3-hour 
infusion  on  day  1  of  each  cycle  after  the  morning  dose  of  S- 1 . 
A  recovery  period  followed  on  days  15  through  21.  This 
regimen  was  repeated  every  3  weeks  for  a  maximum  of  six 
cycles. 

Determination  of  Toxicity  and  Response 

All  patients  were  eligible  for  evaluation  of  toxicity, 
even  if  they  were  unable  to  complete  the  first  cycle.  Patients 
were  monitored  for  safety  using  adverse  event  (AE)  informa¬ 
tion,  physical  examinations,  the  ECOG  scale,  vital  signs,  and 
laboratory  evaluations.  AEs  were  graded  using  National  Can¬ 
cer  Institute  (NCI)  Common  Toxicity  Criteria  version  3.0 
(CTC  v3.0). 

On-site  tumor  assessments  were  performed  by  the  in¬ 
vestigator  and  local  radiologist,  and  the  results  of  those 
assessments  were  used  to  determine  whether  to  continue  or 
discontinue  treatment.  Tumor  scans  were  collected  and  for¬ 
warded  to  the  Core  Imaging  Laboratory  (ICON  Medical 
Imaging)  for  independent  reader  review.  Scans/assessments 
were  collected  on  an  end  of  every  even-cycle  schedule; 
however,  if  a  patient  responded,  response  confirmation  was  to 
be  obtained  through  tumor  assessments/scans  at  least  4  weeks 
after  the  first  documentation  of  response.  Patients  then  re¬ 
turned  to  their  original  even-cycle  schedule  of  assessments. 
The  same  schedule  was  followed  for  clinical  assessments; 
however,  if  the  patient  developed  PD  during  clinic  visits, 
study  treatment  was  discontinued.  After  discontinuation  of 
study  treatment  for  reasons  other  than  withdrawal  of  consent 
or  PD,  patients  were  followed  for  tumor  response  every  6 
weeks  until  disease  progression  or  initiation  of  new  antican¬ 
cer  therapy.  Treatment  decisions  by  the  investigator  were 
based  on  objective  tumor  assessments  made  according  to  the 
RECIST  criteria  of  unidimensional  evaluation.  The  determi¬ 
nation  of  antitumor  efficacy,  as  determined  by  an  independent 
reader,  was  also  based  on  those  criteria. 


Statistical  Considerations 
Study  Design 

This  study  was  designed  as  an  exploratory,  proof  of 
concept  study  in  three  stages  to  evaluate  the  tolerability  and 
antitumor  activity  of  S-l  in  combination  with  cisplatin  in 
patients  with  advanced  NSCLC.  The  study  design  reflects  the 
classical  two-stage  Simon  design,  with  the  exception  that  the 
first  stage  is  divided  into  two  parts:  (a)  the  run-in  tolerability 
stage  and  (b)  the  futility  stage.  The  treatment  regimen  of  S-l 
25  mg/m2  combined  with  cisplatin  75  mg/m2  administered  on 
a  21 -day  cycle  as  used  in  this  study  was  similar  to  the 
maximum  tolerated  dose  of  S-l  25  mg/m2  combined  with 
cisplatin  75  mg/m2  for  4  weeks,  which  was  established  in  a 
phase  I  dose-escalation  study  in  patients  with  advanced  gas¬ 
tric  cancer.21  However,  in  this  study,  cisplatin  was  adminis¬ 
tered  every  3  weeks  to  keep  the  cisplatin  dose  intensity  in  the 
21  to  30  mg/m2/wk  range,  rather  than  every  4  weeks,  as  in  the 
previous  study.  The  run-in  tolerability  stage  assessed  any 
additional  toxicity  associated  with  a  more  frequent  schedule 
of  administration  of  cisplatin. 

In  this  study,  a  response  rate  of  35%  or  higher  would  be 
considered  as  a  good  indicator  for  further  development, 
whereas  a  response  rate  of  20%  or  lower  would  be  considered 
poor  and  not  supportive  of  future  development.  Based  on  the 
exact  binomial  probability  distribution  approach  published  by 
Richard  Simon,22  the  sample  size  would  be  53  for  a  “Mini¬ 
max  Design”  with  PI  =  0.35,  P0  =  0.20,  with  a  =  0.05  (one 
sided),  J3  =  0.2.  For  the  first  and  second  stage  combined,  the 
sample  size  would  be  31.  The  trial  could  go  on  to  the  third 
stage  only  if  7  of  31  (23%)  or  more  patients  had  achieved  a 
confirmed  response  (complete  response  [CR]  or  partial  re¬ 
sponse  [PR])  in  the  first  two  stages.  To  be  considered  suffi¬ 
ciently  efficacious  to  warrant  further  study,  the  criteria  to 
proceed  to  stage  3  needed  to  be  met  and,  by  the  end  of  the 
trial,  there  needed  to  be  16  of  53  patients  (30%)  or  more  who 
had  achieved  a  confirmed  response.  Simon’s  “Minimax  De¬ 
sign”  was  chosen  over  his  “Optimal  Design,”  as  it  minimized 
the  maximum  sample  size  when  the  criteria  for  proceeding  to 
the  second  stage  were  met,  which  was  the  expectation  based 
on  S-l  performance  in  studies  previously  conducted  in  United 
States  and  Japan.  Assuming  a  10%  rate  for  loss  to  follow-up 
and/or  nonevaluability  for  the  response  rate  assessment,  it 
was  projected  that  a  total  of  60  patients  would  be  enrolled  in 
the  study.  The  primary  end  point,  overall  response  rate 
(ORR),  was  used  as  a  screening  end  point  in  this  exploratory, 
proof  of  concept  study  in  patients  with  advanced  NSCLC. 

Efficacy.  The  primary  efficacy  population  included  all  pa¬ 
tients  in  the  safety  population  who  met  the  key  eligibility 
criteria.  All  efficacy  parameters  were  analyzed  using  data 
from  this  population,  including  the  primary  efficacy  end 
point,  ORR,  based  on  the  best  overall  response  for  each 
patient.  For  ORR,  the  determination  of  an  efficacious  result 
was  based  on  the  two-stage  “Minimax”  methodology  de¬ 
scribed  by  Richard  Simon  (i.e.,  there  must  be  30%  or  more 
patients  who  achieved  a  confirmed  response  to  be  considered 
efficacious  at  the  end  of  the  study). 
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The  time  to  the  first  CR  or  PR,  the  duration  of  the  CR  or 
PR,  and  PFS  were  estimated  using  Kaplan-Meier  methodology. 

Safety.  Hematology  were  assessed  weekly,  and  blood  bio¬ 
chemistry,  urinalysis,  and  physical  findings/vital  signs  were 
assessed  triweekly.  Other  safety  data  (vital  signs,  ECOG 
performance  status,  and  clinical  laboratory  results)  were  sum¬ 
marized  descriptively.  Any  AEs  were  evaluated  for  grading, 
duration,  and  S-l  causality  according  to  the  NCI-CTC  v3.0. 

RESULTS 

Patient  Demographics 

A  total  of  60  patients  were  enrolled,  of  which  58 
received  the  study  drug.  Two  patient  discontinued  before 
treatment  due  to  AE.  The  majority  of  the  patients  were  white 
(46  of  58,  79%)  (Table  1).  More  than  half  of  the  patients  (34 
of  58,  59%)  had  histologic/cytologic  classification  of  adeno¬ 
carcinoma.  Fifty-two  patients  (90%)  had  stage  IV  NSCLC, 
and  6  (10%)  had  stage  MB  NSCLC.  At  study  entry,  approx¬ 
imately  60%  of  patients  had  an  ECOG  performance  status  of 
1,  while  the  remainder  had  ECOG  scores  of  0.  Most  patients 
(51  of  58,  88%)  had  not  had  prior  resections.  Seventeen  of  58 
(29%)  patients  had  prior  radiotherapy;  none  of  the  patients 
had  received  systemic  anticancer  therapy  before  study  entry. 
Among  the  58  treated  patients,  at  baseline,  57  patients  had 
measurable  disease  based  on  the  investigator  assessment.  A 
majority  of  those  patients  (50  of  57,  88%)  had  two  or  more 
target  lesions  at  the  time  of  study  entry. 

Responses  to  Therapy 

The  ORR  for  the  first  3 1  patients  (stages  1  and  2)  was 
36%  (11  of  31)  by  the  investigator  assessment;  therefore,  the 
study  proceeded  to  stage  3.  Based  on  independent  reader 
assessments,  the  best  ORR  was  with  13  patients  achieving  a 
PR,  25  (45%)  patients  with  stable  disease,  and  14  (25%) 
patients  with  PD,  while  4  (7%)  patients  were  not  evaluable. 
The  overall  response  was  23%  (95%  Cl:  13.0-36.4),  and  the 
disease  control  rate  was  68%  (95%  Cl:  54.0-79.7)  (Table  2). 
There  was  no  evidence  of  any  interaction  of  tumor  histology 
with  objective  response  to  therapy,  although  the  study  was 
not  powered  to  evaluate  such  potential  interactions  (Table  2). 
A  total  of  10  patients  presented  with  squamous  cell  carci¬ 
noma;  2  (20%)  experienced  a  PR  on  independent  review, 
while  the  ORR  was  24%  ( 1 1  of  46)  in  patients  with  nons- 
quamous  cell  carcinoma.  For  those  patients  responding  to 
treatment,  the  median  duration  of  response  was  4.2  months 
(n  =  13)  based  on  the  independent  review  assessments.  For 
all  patients,  the  Kaplan-Meier  estimate  for  median  PFS  was 
4.0  months  (95%  Cl:  3. 3-5. 5)  based  on  independent  review 
assessments  (Figure  2). 

Toxicity 

No  dose-limiting  toxicities  were  observed  for  six  pa¬ 
tients  at  stage  1.  Therefore,  the  study  proceeded  to  stage  2.  A 
total  of  58  patients  in  all  stages  received  at  least  one  dose  of 
S- 1  and  were  included  in  the  safety  population.  The  median 
number  of  cycles  of  study  treatment  delivered  was  4.  More 
than  55%  of  patients  initiated  at  least  four  cycles  of  treatment, 


TABLE  1.  Patient  Characteristics  (n  =  58) 

n 

% 

Age,  years 


Median  (range) 

63.0 

(40-84) 

Gender,  n  (%) 

Male 

37 

64 

Female 

21 

36 

ECOG  PS,  n  (%) 

0 

23 

40 

1 

35 

60 

Race 

White 

46 

79 

African  American 

7 

12 

Asian 

2 

3 

Other 

3 

5 

BSA,  m2 

Median  (range) 

1.86 

(1.33-2.30) 

Histological  classification 

Adenocarcinoma 

34 

59 

Squamous  cell 

10 

17 

Large  cell 

3 

5 

Other 

11 

19 

Stage,  TNM  classification 

Stage  IIIB 

6 

10 

Stage  IV 

52 

90 

Sites  of  metastatic  disease  at  baseline 

Lymph  nodes 

42 

72 

Lung 

30 

52 

Liver 

14 

24 

Bone 

21 

36 

CNS 

3 

5 

Other 

20 

35 

Number  of  target  lesions 

i 

7 

12 

2 

16 

28 

3 

12 

21 

>3 

22 

39 

Prior  surgery 

Not  resected 

51 

88 

Partially  resected 

1 

2 

Resected 

6 

10 

Prior  radiotherapy 

Yes 

17 

29 

No 

41 

71 

and  36%  had  all  six  cycles  initiated.  Median  relative  dose 
intensity  was  0.90  (SD,  0.17;  range,  0.38-1.22)  for  S-l  and 
0.94  for  cisplatin  (SD,  0.17;  range,  0-1.03). 

All  58  (100%)  patients  experienced  at  least  one  AE 
(Table  3).  Twenty-four  (41%)  patients  experienced  grade  3 
AEs  and  16  (28%)  experienced  grade  4  AEs.  The  most 
frequently  reported  AEs  of  grade  3  or  more  (>10%)  were 
neutropenia  (28%),  hyponatremia  (19%),  diarrhea  (17%), 
hypokalemia  (12%),  fatigue  (10%),  dehydration  (10%),  and 
deep  vein  thrombosis  (10%).  Only  one  patient  (2%)  experi¬ 
enced  a  treatment-related  deep  vein  thrombosis.  A  total  of 
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TABLE  2.  Response  Rate  by  Independent  Assessment 
(n  =  56) 


Total 
(n  =  56) 

Patients  with 
Squamous 
cell  carcinoma 
(n  =  10) 

Patients  with 
Non-squamous 
cell  carcinoma 
(n  =  46) 

Response,  n  (%) 

Complete  response 

0(0) 

0(0) 

0(0) 

Partial  response 

13  (23) 

2(20) 

1 1  (24) 

Stable  disease 

25 (45) 

4(40) 

21  (46) 

Progressive  disease 

14(25) 

3  (30) 

11(24) 

Not  evaluable* 

4(7) 

1  (10) 

3(7) 

Overall  response 

13  (23) 

2(20) 

11(24) 

rate,  n  (%) 

95%  Cl 

13.0-36.4 

— 

— 

Disease  control 

38  (67.9) 

6  (60.0) 

32  (69.6) 

rate,  n  (%) 

95%  Cl 

54.0-79.7 

— 

— 

*No  post-baseline  assessments. 


three  patients  died  due  to  treatment-related  AEs  that  occurred 
at  any  time  during  the  study  (including  events  with  onset  >30 
days  after  the  last  dose  of  study  drug):  neutropenic  sepsis  and 
multiorgan  failure  (one  patient),  renal  failure  (one  patient), 
and  sepsis  and  multiorgan  failure  (one  patient).  Twenty-two 
of  the  58  (38%)  patients  discontinued  their  study  participation 
due  to  objective  disease  progression.  Remaining  patients 
discontinued  the  study  due  to  completion  of  all  six  cycles  of 
study-specified  treatment  (28%),  AEs  (14%),  investigator 
judgment  (9%),  noncompliance  (3%),  death  (3%),  requiring 
more  than  3  weeks  to  recover  from  a  prior  treatment  cycle 
(2%),  intercurrent  illness  (2%),  or  other  reasons  (2%). 

DISCUSSION 

Disseminated  NSCLC  remains  a  frustrating  disease  to 
treat,  with  poor  responses  to  treatment  in  most  of  the  patients. 
Although  treatment  with  chemotherapy  may  offer  some  pal- 


TABLE  3.  Hematological  and  Non-hematological  Adverse 
Events 


Any 

> 

=  G3 

n 

% 

n 

% 

Leukopenia 

8 

14 

3 

5 

Neutropenia 

22 

38 

16 

28 

Anemia 

30 

52 

2 

3 

Thrombocytopenia 

7 

12 

2 

3 

Anorexia 

17 

29 

1 

2 

Nausea 

42 

72 

5 

9 

Vomiting 

28 

48 

4 

7 

Fatigue 

34 

59 

6 

10 

Diarrhea 

29 

50 

10 

17 

Dehydration 

15 

26 

6 

10 

Stomatitis 

6 

10 

0 

0 

Constipation 

22 

38 

1 

2 

Abdominal  pain 

10 

17 

3 

5 

Weight  decreased 

13 

22 

2 

3 

Rash 

6 

10 

0 

0 

Dizziness 

15 

26 

1 

2 

Hyponatraemia 

15 

26 

11 

19 

Hypokalaemia 

12 

21 

7 

12 

Hypotension 

13 

22 

3 

5 

Deep  Vein  Thrombosis 

7 

12 

6 

10 

liative  benefit,  the  survival  benefit  of  platinum-based  chemo¬ 
therapy,  still  considered  the  “gold  standard,”  is  modest  and 
measured  in  weeks.  We  need  to  identify  and  evaluate  new 
agents  and  combinations  that  may  offer  improvements  in 
response  rate  and  survival.  Equally  important  is  to  identify 
regimens  that  may  be  equivalent  in  activity  to  the  current 
standard  regimens  but  with  less  toxicity. 

Conventional  5-FU  has  not  provided  clinically  relevant 
responses  in  most  patients  with  NSCLC.  An  explanation  of 


FIGURE  2.  Progression-free  survival  by  in¬ 
dependent  assessment  (n  =  56). 
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this  failure  may  be  that  the  majority  of  patients  with  NSCLC 
have  been  shown  to  have  relatively  high  DPD  activity.5-6 
When  5-FU  is  administered  intravenously  alone,  90%  of  the 
drug  is  rapidly  catabolized  in  the  liver  by  DPD  and  excreted 
in  the  urine  as  a-fluoro-/3-alanine.  S-l  is  a  new  oral  pyrimi¬ 
dine  fluoride-derived  anticancer  agent  in  which  tegafur  is 
combined  with  two  classes  of  modulators,  gimeracil  (CDHP) 
and  oteracil  potassium  (Oxo).  This  combination  drug  is  being 
developed  to  enhance  the  clinical  advantage  of  an  oral  fluo- 
ropyrimidine  and  ameliorate  the  disadvantage  of  gastrointes¬ 
tinal  toxicity.  Within  the  patient  population  with  high  DPD 
activity,  more  than  60%  have  been  shown  to  have  low 
thymidylate  synthase  (TS)  activity  while  25%  have  high  TS 
activity.  Without  inhibition  of  the  high  DPD  activity,  con¬ 
ventional  5-FU  and  5-FU  prodrugs  are  considered  to  be 
rapidly  destroyed,  significantly  limiting  the  amount  of  5-FU 
that  is  available  for  the  anabolic  pathway.  Because  S-l 
contains  CDPIP,  an  inhibitor  of  DPD,  catabolism  is  signifi¬ 
cantly  slowed,  allowing  large  amounts  of  5-FU  to  be  available 
for  the  anabolic  pathway.  In  fact,  two  phase  II  studies  with  S-l 
in  patients  with  NSCLC  conducted  in  Japan  demonstrated  prom¬ 
ising  efficacy  with  an  acceptable  safety  profile.19-20 

Cisplatin  is  the  backbone  of  treatment  regimens  for 
patients  with  advanced  NSCLC  (stage  Illb/stage  IV).  Cispla¬ 
tin  as  a  single  agent  has  limited  antitumor  activity.  Sandler  et 
al.23  reported  an  ORR  for  cisplatin  alone  in  NSCLC  of  1 1.1% 
(CR:  0.4%,  PR:  10.7%).  The  higher  ORR  observed  with 
cisplatin  +  S-l  in  this  study  (23%)  underlines  that  S-l  has  an 
antitumor  effect  in  patients  with  advanced  NSCLC. 

This  is  one  of  the  first  studies  in  North  America  to 
demonstrate  that  a  fluoropyrimidine  has  an  antitumor  effect  in 
patients  with  NSCLC;  this  builds  on  Japanese  experience 
with  this  agent  when  administered  as  a  single  agent  or  in 
combination  with  cisplatin  or  irinotecan.24  The  prior  lack  of 
efficacy  with  5-FU  could  be  explained  by  the  high  DPD 
activity  in  NSCLC,  as  a  component  of  S-l  inhibits  the  DPD 
enzyme  and  could  explain  the  activity  of  S-l  in  this  patient 
population.  A  separate  pilot  trial  by  Sagar  et  al.16  also 
demonstrated  some  potential  benefit  to  a  combination  of 
capecitabine  and  carboplatin  but  at  dose  levels  that  proved 
too  toxic  for  further  evaluation.  The  study  results  are  com¬ 
parable  to  results  obtained  using  established  cisplatin-based 
regimens  for  treatment  of  patients  with  advanced  NSCLC 
(stage  Illb/stage  IV).  Schiller  et  al.25  conducted  a  randomized 
trial  to  compare  the  efficacy  of  three  commonly  used  regi¬ 
mens  with  that  of  a  reference  regimen  of  cisplatin/paclitaxel. 
The  cisplatin  dose  in  the  cisplatin/paclitaxel  regimen  and  the 
cisplatin/docetaxel  regimen  was  75  mg/m2  every  3  weeks,  the 
same  as  used  in  this  study.  The  ORRs  using  cisplatin  with 
paclitaxel  and  cisplatin  with  docetaxel  were  21%  and  17%, 
respectively.  Median  time  to  progression  was  3.4  months 
(2. 8-3. 9  months)  for  cisplatin/paclitaxel  and  3.7  months 
(2. 9-4. 2  months)  for  cisplatin/docetaxel.  The  primary  objec¬ 
tive  of  this  study  of  an  ORR  of  s30%  could  not  be  reached. 
One  of  the  reasons  for  this  might  be  the  lower  dosage  of  S-l 
in  the  study  compared  with  that  in  Japanese  studies.20-24-26-27 
However,  the  higher  dosage  of  S-l  (30  mg/m2)  was  not  safe 
when  combined  with  cisplatin  75  mg/m2  on  day  1  in  a  phase 


I  dose-escalation  study  in  patients  with  advanced  gastric 
cancer.21  Therefore,  we  investigated  the  combination  regimen 
of  the  established  dosage  of  S-l  (25  mg/m2)  and  the  standard 
dosage  of  cisplatin  (75  mg/m2)  in  this  study.  In  fact,  the 
results  indicate  that  the  doublet  cisplatin  +  S-l  may  have 
antitumor  activity  comparable  to  that  of  established  cisplatin- 
based  doublets.  Ichinose  et  al.20  and  Kubota  et  al.26  investi¬ 
gated  the  regimen  of  S-l  in  combination  with  cisplatin  on  day 
8,  which  shows  promising  results.  Therefore,  it  is  necessary 
to  find  the  best  regimen  of  S-l  +  cisplatin  combination  in  a 
randomized  study  in  the  future. 

As  with  all  cisplatin-based  regimens,  the  S-l  +  cispla¬ 
tin  regimen  used  in  this  study  was  associated  with  significant 
toxicity.25-28-32  More  than  55%  of  patients  initiated  at  least 
four  cycles  of  treatment,  and  36%  had  six  cycles  initiated. 
Across  all  cycles,  42%  of  patients  experienced  AEs  with 
maximum  grade  3  toxicity,  and  28%  of  patients  experienced 
AEs  with  maximum  grade  4  toxicity.  This  overall  toxicity  is 
lower  than  that  observed  with  the  treatment  regimens  of 
cisplatin/paclitaxel  or  cisplatin/docetaxel,  for  which  maxi¬ 
mum  grade  4  toxicity  was  observed  in  68%  and  61%  of 
patients,  respectively.25  The  most  common  toxic  effect  of 
platinum-based  doublet  therapy  is  bone  marrow  suppression, 
particularly  neutropenia  and  its  consequences.  In  this  study  of 
S- 1  +  cisplatin,  the  incidence  of  grade  3  or  4  neutropenia  was 
28%,  lower  than  that  observed  with  established  therapy 
regimens  of  cisplatin/paclitaxel  (75%)  or  cisplatin/docetaxel 
(69%).25  The  incidence  of  death  due  to  toxicity  (3  of  58,  5%) 
observed  in  this  study  is  consistent  with  that  observed  with 
other  established  regimens  in  advanced  NSCLC,  including 
cisplatin  +  taxanes  therapies.22 

While  the  S-l  +  cisplatin  regimen  is  active,  the  initial 
impression  from  this  multicenter  phase  II  trial  is  that  it  is 
unlikely  to  be  superior  to  currently  approved  platinum-dou¬ 
blet  regimens,  which  are  currently  administered  in  North 
America.  For  this  reason,  the  present  regimen  would  not  be 
taken  forward  into  a  phase  III  trial.  However,  there  is  evi¬ 
dence  that  S-l  may  be  synergistic  with  other  agents  as  well: 
preclinical  data  indicates  that  the  epidermal  growth  factor 
receptor  tyrosine  kinase  inhibitor  gefitinib  may  enhance  S-l 
activity  via  downregulation  of  TS  activity.33  In  addition,  the 
combination  of  S-l  and  docetaxel  exhibited  downregulation 
of  both  DPD  and  TS  and  did  so  to  a  greater  extent  than  the 
combination  of  docetaxel  and  5-FU.34  An  additional  report 
suggests  that  histone  deacetylase  inhibitors  may  at  least 
partially  reverse  fluoropyrimidine  resistance  by  downregulat¬ 
ing  TS  expression,  although  it  is  unclear  whether  this  will 
enhance  S-l  activity  specifically.35 

In  summary,  S-l  alone,  and  in  combination  with  cis¬ 
platin,  appears  to  be  active  in  NSCLC.  This  is  similar  to  the 
findings  of  Japanese  investigators.  In  Japan,  a  phase  111  trial 
is  being  conducted  by  comparing  S-l  +  cisplatin  versus 
cisplatin  +  docetaxel  as  first-line  therapy  for  the  patients  with 
advanced  NSCLC.36  It  also  appears  that  the  S-l  contributes 
activity  in  this  regimen,  as  the  platinums  that  are  currently 
available  in  North  America  (cisplatin  and  carboplatin)  actu¬ 
ally  have  very  limited  activity  as  single  agents  in  this  disease. 
While  this  combination  appears  to  be  a  potential  treatment 
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regimen  for  the  population  of  patients  with  NSCLC,  this 
doublet  does  not  appear  to  be  superior  to  other  platinum- 
based  doublet  regimens.  However,  in  light  of  a  growing  body 
of  data  of  other  agents,  which  are  already  used  for  the  therapy 
for  NSCLC  and  may  be  associated  with  true  synergy,  further 
in  vitro  and  clinical  evaluation  of  S-l  is  warranted  to  deter¬ 
mine  the  potential  optimal  treatment  regimen  in  this  spectrum 
of  diseases. 
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Early  Findings  on  Toxicity  of  Proton  Beam 
Therapy  With  Concurrent  Chemotherapy  for 
Nonsmall  Cell  Lung  Cancer 

Samir  Sejpal,  MD1;  Ritsuko  Komaki,  MD1;  Anne  Tsao,  MD2;  Joe  Y.  Chang,  MD,  PhD1;  Zhongxing  Liao,  MD1;  Xiong  Wei,  MD1; 
Pamela  K.  Allen,  PhD1;  Charles  Lu,  MD2;  Michael  Gillin,  PhD3;  and  James  D  Cox,  MD1 


BACKGROUND:  Concurrent  chemoradiation  therapy,  the  standard  of  care  for  locally  advanced  nonsmall  cell  lung  can¬ 
cer  (NSCLC),  can  cause  life-threatening  pneumonitis  and  esophagitis.  X-ray  (photon)-based  radiation  therapy  (RT) 
often  cannot  be  given  at  tumoricidal  doses  without  toxicity  to  proximal  normal  tissues.  We  hypothesized  that  proton 
beam  therapy  for  most  patients  with  NSCLC  could  permit  higher  tumor  doses  with  less  normal-tissue  toxicity  than 
photon  RT  delivered  as  3-dimensional  conformal  RT  (3D-CRT)  or  intensity-modulated  RT  (IMRT).  METHODS:  We 
compared  the  toxicity  of  proton  therapy+concurrent  chemotherapy  in  62  patients  with  NSCLC  (treatment  period 
2006-2008)  with  toxicity  for  patients  with  similar  disease  given  3D-CRT+chemotherapy  (n  =  74;  treatment  period 
2001-2003)  or  IMRT+chemotherapy  (n  =  66;  treatment  period  2003-2005).  Proton  therapy  to  the  gross  tumor  vol¬ 
ume  was  given  with  weekly  intravenous  paclitaxel  (50  mg/m2)  and  carboplatin  (area  under  the  curve  2  mg/mL/min). 
The  primary  endpoint  was  toxicity  (Common  Terminology  Criteria  for  Adverse  Events  version  3.0).  RESULTS:  Median 
follow-up  times  were  15.2  months  (proton),  17.9  months  (3D-CRT),  and  17.4  months  (IMRT).  Median  total  radiation 
dose  was  74  Gy(RBE)  for  the  proton  group  versus  63  Gy  for  the  other  groups.  Rates  of  severe  (grade  >3)  pneumoni¬ 
tis  and  esophagitis  in  the  proton  group  (2%  and  5%)  were  lower  despite  the  higher  radiation  dose  (3D-CRT,  30%  and 
18%;  IMRT,  9%  and  44%;  P<.001  for  all).  CONCLUSIONS:  We  found  that  higher  doses  of  proton  radiation  could  be 
delivered  to  lung  tumors  with  a  lower  risk  of  esophagitis  and  pneumonitis.  A  randomized  comparison  of  IMRT  versus 
proton  therapy  is  underway.  Cancer  2011;117:3004-13.  ©  2011  American  Cancer  Society. 

KEYWORDS:  lung  cancer,  toxicity,  protein  therapy,  esophagitis,  pneumonitis. 


Lung  cancer  is  the  most  common  cause  of  death  from  cancer  in  the  United  States  and  in  most  urbanized  countries. 
More  than  three-quarters  of  patients  have  the  nonsmall  cell  lung  cancer  (NSCLC)  histotype.  Surgical  resection  is  the  pre¬ 
ferred  treatment  for  localized  NSCLC,  but  more  than  one-third  of  patients  present  with  locally  advanced,  unresectable 
tumors.  Concurrent  radiation  therapy  and  chemotherapy  is  believed  to  offer  these  patients  the  highest  potential  for  pro¬ 
longed  disease-free  and  overall  survival.1 

The  main  problems  associated  with  concurrent  chemoradiation  therapy  for  lung  cancer  are  acute  and  subacute  toxic¬ 
ity,  primarily  esophageal  reactions  with  odynophagia  and  treatment-related  pneumonitis  that  can  be  life-threatening  or  le¬ 
thal.  These  toxic  effects  adversely  affect  quality  of  life  for  the  patients  and  limit  the  dose  of  radiation  that  can  be 
administered.  Advances  in  radiation  techniques  such  as  highly  conformal  intensity-modulated  radiation  therapy  (IMRT) 
or  proton  therapy  may  reduce  the  risk  of  pneumonitis.2 

Proton  beam  therapy  differs  from  traditional  x-ray  (photon)  therapy  in  that  the  maximum  dose  is  concentrated  in 
the  tumor  and  the  dose  beyond  the  tumor  is  negligible.  Treatment  planning  studies  suggest  that  higher  tumor  doses  can 
be  achieved  with  proton  therapy  than  with  advanced  x-ray  techniques  for  locally  advanced  NSCLC,  with  a  lower  risk  of 
common  side  effects.3 
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Proton  therapy  was  initiated  at  The  University  of 
Texas  MD  Anderson  Cancer  Center  in  May  2006  with  a 
specific  program  in  combined-modality  treatment  for 
NSCLC.  We  report  here  our  early  experience  with  acute 
and  subacute  toxicity  from  proton  therapy  and  concurrent 
chemotherapy  for  locally  advanced  NSCLC. 

MATERIALS  AND  METHODS 
Patients 

Between  May  2006  and  June  2008,  62  consecutive 
patients  with  locally  advanced,  unresectable  NSCLC  were 
enrolled  in  1  of  2  phase  2  clinical  trials  that  had  been 
approved  by  the  MD  Anderson  Cancer  Center  institu¬ 
tional  review  board.  All  participants  provided  written 
informed  consent.  The  first  protocol  (NCT00495170) 
enrolled  patients  with  previously  untreated  stage  3 
NSCLC  (according  to  the  2002  staging  system  of  the 
American  Joint  Committee  on  Cancer4).  The  other  pro¬ 
tocol  (NCT00991094)  had  more  permissive  inclusion 
criteria,  allowing  enrollment  of  patients  with  NSCLC  at 
any  stage,  prior  malignant  tumors,  and  postoperative 
recurrences.  Patients  in  the  second  protocol  were  typically 
selected  for  proton  therapy  because  of  comorbid  condi¬ 
tions,  especially  limited  pulmonary  function.  This  early 
report  of  acute  toxicity  includes  patients  from  both  trials. 

Pretreatment  Evaluation  and  Exclusion 
Criteria 

Findings  from  a  complete  history  and  physical  examina¬ 
tion,  including  performance  status,  weight  loss,  and  con¬ 
current  nonmalignant  disease,  were  recorded.  Exclusion 
criteria  were  prior  thoracic  irradiation,  malignant  pleural 
effusion,  Karnofsky  performance  status5  score  <60,  and 
weight  loss  >10%  during  the  6  months  before  diagnosis. 
Laboratory  studies  included  complete  blood  counts  with 
differential  and  platelet  count  and  measurement  of  serum 
creatinine,  blood  urea  nitrogen,  electrolytes,  lactate  dehy¬ 
drogenase,  aspartate  aminotransferase,  alanine  aminotrans¬ 
ferase,  alkaline  phosphatase,  and  total  bilirubin  levels.  Plain 
chest  films,  computed  tomography  (CT)  of  the  thorax  and 
upper  abdomen,  and  positron  emission  tomography  (PET) 
were  required.  Mediastinal  lymph  nodes  suspected  of  har¬ 
boring  disease  but  with  negative  PET  findings  were 
sampled  via  mediastinoscopy  with  biopsy  or  by  bronchos¬ 
copy  with  endobronchial  ultrasonography  and  fine  needle 
aspiration.  CT  or  magnetic  resonance  imaging  scans  of  the 
brain  were  required  before  proton  therapy;  pulmonary 
function  tests  were  recommended  but  not  required.  Disease 


was  staged  according  to  the  2002  criteria  of  the  American 
Joint  Committee  on  Cancer.4 

Treatments 
Radiation  therapy 

All  patients  in  the  proton  group  received  concurrent 
proton  therapy  and  chemotherapy;  no  patient  in  the  pro¬ 
ton  group  received  x-ray  (photon)  irradiation  as  any  com¬ 
ponent  of  treatment.  Proton  therapy  was  delivered  using  a 
variable  energy  synchrotron  in  doses  expressed  as 
Gy(RBE),  where  Gy  is  the  absorbed  dose  and  RBE  (rela¬ 
tive  biological  effectiveness)  is  the  radiation  weighting  fac¬ 
tor,  which  was  1.1.  We  used  3-dimensional  (3D) 
conformal  techniques  to  plan  and  deliver  the  proton  ther¬ 
apy,  with  2-4  fields  used  for  each  patient.3  Treatment  sim¬ 
ulations  took  place  while  the  patients  lay  supine,  with 
arms  extended  over  the  head,  in  a  custom-fitted  vacuum 
cushion  (Vac-Lok,  CIVCO  Medical  Solutions,  Kalona, 
Iowa)  that  also  immobilized  the  lower  extremities.  Four¬ 
dimensional  CTb  was  used  to  identify  the  path  of  the 
tumors  throughout  the  respiratory  cycle.  Tumor  delinea¬ 
tion  was  aided  by  PET.  Gross  tumor  volume  (GTV) 
included  all  nodal  disease  documented  via  imaging  (CT 
or  PET)  or  tissue  analysis  (mediastinoscopy  or  bronchos¬ 
copy).  Ipsilateral  hilar  lymph  nodes  were  included  in  the 
GTV  if  mediastinal  or  subcarinal  lymph  nodes  showed 
evidence  of  disease.  Contralateral  mediastinal,  contralat¬ 
eral  hilar,  or  supraclavicular  lymph  nodes  were  included 
in  the  GTV  only  when  those  nodes  showed  abnormalities 
on  imaging  or  pathological  analysis.  For  the  26  patients 
(42%)  who  received  induction  chemotherapy,  the  GTV 
consisted  of  gross  disease  measured  after  chemotherapy 
plus  any  lymph  node  stations  considered  abnormal  before 
chemotherapy.  An  8-mm  margin  was  extended  beyond 
the  GTV  for  presumed  microscopic  tumor  extension. 
Another  5-mm  margin  was  added  to  account  for  range 
and  set-up  uncertainties. 

Constraints  on  the  radiation  doses  to  specific  organs 

were: 

Spinal  cord:  0%  to  receive  >45  Gy(RBE); 

Normal  lung:  <35%  to  receive  20  Gy(RBE);  mean 
dose  to  entire  lung:  <20  Gy(RBE); 

Heart:  <100%  to  receive  40  Gy(RBE);  <50%  to 
receive  50  Gy(RBE); 

Esophagus:  <50%  to  receive  60  Gy(RBE). 

Chemotherapy 

All  patients  received  concurrent  carboplatin-and- 
paclitaxel  chemotherapy  as  weekly  intravenous  infusions 
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during  proton  therapy.  Paclitaxel  was  administered  at  50 
mg/m  of  body  surface  area,  and  carboplatin  was  given  at 
an  area  under  the  curve  level  of  2  mg/mL/min.  Standard 
anti-emetics  were  allowed  at  the  discretion  of  the  medical 
oncologist.  Concurrent  chemotherapy  could  be  withheld 
or  the  doses  modified  if  toxicity  was  encountered  as  fol¬ 
lows.  If  the  absolute  neutrophil  count  decreased  to 
<1000/pL  or  the  platelet  count  decreased  to  <75,000/ 
pL,  carboplatin  and  paclitaxel  were  withheld  until  the 
myelosuppression  resolved.  If  grade  3  dysphagia  ap¬ 
peared,  weekly  carboplatin  and  paclitaxel  were  withheld 
and  then  readministered  at  50%  of  the  original  dose  at  the 
discretion  of  the  medical  oncologist. 

Neoadjuvant  and  adjuvant  chemotherapy  at  systemic 
doses  were  allowed  in  either  trial.  The  choice  of  chemo¬ 
therapy  type,  dosing,  and  timing  was  at  the  discretion  of 
the  treating  physicians.  Only  the  chemotherapy  given  con¬ 
currently  with  the  proton  therapy  was  standardized. 

Treatment  Evaluation 

Patients  were  evaluated  at  least  weekly  during  treatment, 
at  4-6  weeks  after  treatment,  and  then  every  3  months  for 
2  years  and  every  6  months  thereafter.  Adverse  events 
were  scored  using  Common  Terminology  Criteria  version 
3.0.  The  first  follow-up  visit  included  an  interval  medical 
history  and  physical  examination,  hematological  studies, 
chest  x-ray,  and  CT  examination.  A  follow-up  PET  exam¬ 
ination  was  conducted  during  the  first  3  to  4  months  after 
treatment.  Thereafter,  chest  x-ray  plus  CT  examinations 
were  alternated  with  PET  examinations. 

Data  on  survival,  time  to  progression,  and  failure 
patterns  are  being  collected  in  the  ongoing  phase  2  trials. 
Early  information  on  survival  is  reported  here  for 
completeness. 

Comparison  Groups 

This  report  focuses  on  early  toxicity  of  proton  beam  ther¬ 
apy  and  concurrent  chemotherapy.  The  results  are  com¬ 
pared  with  historical  results  from  2  previously  approved 
retrospective  chart  reviews  of  toxicity  after  x-ray  (photon) 
RT  (either  IMRT2'7  or  3D  conformal  RT  [3D-CRT]8) 
with  concurrent  chemotherapy  as  definitive  treatment  for 
locally  advanced,  unresectable  NSCLC.  Concurrent  che- 
moradiation  therapy  has  been  the  standard  of  care  at  the 
MD  Anderson  Cancer  Center  since  the  1990s,  although 
radiation  delivery  techniques  evolved  from  2-dimensional 
CRT  to  3D-CRT  in  the  late  1990s  and  then  to  IMRT  in 
the  early  2000s.  We  chose  2  comparison  groups  because 
the  National  Comprehensive  Cancer  Network  still 


considers  3D-CRT  with  concurrent  chemotherapy  the 
standard  of  care  for  NSCLC  (http://www.nccn.org/pro- 
fessionals/physician_gls/PDF/nscl.pdf)  and  because  our 
institutional  experience  suggests  that  IMRT  is  associated 
with  less  pulmonary  toxicity  than  3D-CRT.7  The  median 
radiation  dose  in  both  comparison  groups  was  63  Gy;  the 
survey  periods  were  2001-2003  for  3D-CRT  and  2003- 
2005  for  IMRT.2,7’8 

Statistical  Analyses 

Stata/SE  11.1  (Stata  Corp  LP,  College  Station,  Texas) 
was  used  for  data  analyses.  Pearson’s  chi-square  test  was 
used  to  assess  measures  of  association  in  frequency  tables. 
Survival  was  calculated  using  the  Kaplan-Meier  method. 
The  equality  of  means  for  continuous  variables  was 
assessed  using  t  tests.  P<. 05  was  considered  statistically 
significant.  Statistical  tests  were  based  on  a  2-sided  signifi¬ 
cance  level.  Mantel-EIaenszel  estimates  were  used  to  assess 
specific  interactions  between  disease  stage  and  toxicity 
grade  by  treatment  group. 

RESULTS 

Patient  characteristics,  treatment  characteristics,  and  fol¬ 
low-up  information  for  all  3  groups  are  shown  in  Table  1 . 
Thirty-seven  patients  were  enrolled  in  the  prospective  trial 
of  proton  beam  therapy  for  previously  untreated  stage  3 
NSCLC,  and  25  patients  were  enrolled  in  the  trial  that 
allowed  disease  at  other  stages.  The  median  total  proton 
dose  was  74  Gy(RBE).  Details  of  concurrent  chemother¬ 
apy  are  also  shown  in  Table  1.  The  median  number  of 
concurrent  weekly  chemotherapy  cycles  was  6;  23%  of 
patients  experienced  treatment  delays,  13%  required 
chemotherapy  dose  reductions,  and  10%  did  not  com¬ 
plete  the  full  course  of  concurrent  chemotherapy. 
Twenty-six  patients  received  neoadjuvant  chemotherapy 
(median  3  cycles  of  systemic  dose  chemotherapy).  Eight 
patients  were  known  to  proceed  to  adjuvant  chemother¬ 
apy  after  a  median  2  cycles  of  concurrent  treatment. 

Toxicity  for  all  3  patient  groups  is  shown  in  Table  2. 
No  differences  in  hematological  toxicity  (anemia,  throm¬ 
bocytopenia,  neutropenia,  and  leukopenia)  were  found 
between  groups  (data  not  shown).  The  most  common 
toxicity  of  concurrent  proton  therapy  and  chemotherapy 
(experienced  by  60  patients  [97%])  was  dermatitis;  in 
most  cases  this  was  mild,  with  only  15  patients  (24%) 
experiencing  grade  3  reactions.  Esophageal  reactions,  usu¬ 
ally  odynophagia,  were  observed  in  49  (79%)  patients;  27 
(43%)  patients  experienced  grade  2  or  higher  reactions 
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Table  1.  Baseline  and  Treatment  Characteristics  of  Patients  Treated  With  Photons  Versus  Protons 


Characteristic 

3D  Conformal 
Concurrent 
Chemoradiation 
(n=74) 

IMRT 

Concurrent 

Chemoradiation 

(n=66) 

Proton  Beam 
Concurrent 
Chemoradiation 
(n=62) 

P 

Treatment  period 

2001-2003 

2003-2005 

2006-2008 

Age,  y,  median  (range) 

61  (38-81) 

62  (38-82) 

67  (38-81) 

.04a 

Sex 

Men 

37  (50%) 

40  (61  %) 

34  (55%) 

.453b 

Women 

37  (50%) 

26  (39%) 

28  (45%) 

Karnofsky  performance  score 

100 

0 

2  (3%) 

1  (2%) 

.05b 

90 

22  (30%) 

9  (13%) 

22  (35%) 

80 

44  (59%) 

39  (59%) 

29  (47%) 

70 

4  (5%) 

13  (20%) 

7  (1 1  %) 

60 

4  (5%) 

3  (5%) 

3  (5%) 

Weight  loss 

<5% 

71  (96%) 

58  (88%) 

48  (77%) 

.005b 

25% 

3  (4%) 

8  (12%) 

14  (23%) 

Tumor  histology 

Squamous 

27  (36%) 

17  (26%) 

25  (40%) 

.19b 

Nonsquamous 

47  (64%) 

49  (74%) 

37  (60%) 

Ethnicity 

White 

65  (88%) 

46  (70%) 

37  (60%) 

A 

O 

o 

Nonwhite 

9  (12%) 

20  (30%) 

25  (40%) 

Prior  malignancy 

Yes 

10  (14%) 

18  (27%) 

17  (27%) 

.13b 

No 

64  (86%) 

48  (73%) 

45  (73%) 

Clinical  disease  stage 

IB 

0 

0 

2  (3%) 

.002b 

2A 

2  (3%) 

0 

0 

2B 

2  (3%) 

3  (5%) 

5  (8%) 

3A 

30  (41  %) 

15  (23%) 

25  (40%) 

3B 

34  (46%) 

38  (58%) 

17  (27%) 

4 

6  (8%) 

7  (1 1  %) 

5  (8%) 

Recurrent 

0 

3  (4%) 

8  (13%) 

Lymph  node  involvement 

Yes 

59  (80%) 

60  (91  %) 

50  (81  %) 

.  1 51 b 

No 

15  (20%) 

6  (9%) 

12  (19%) 

Tumor  location 

Left  lung 

30  (41  %) 

22  (33%) 

28  (45%) 

O) 

a> 

O’ 

Right  lung 

43  (58%) 

42  (64%) 

33  (53%) 

Mediastinum 

1  (1%) 

2  (3%) 

1  (2%) 

Total  radiation  dose,  median  (range) 

63  Gy  (60-69.9) 

63  Gy  (60-76) 

74  Gy(RBE)  (63-80.95) 

<.001a 

Gross  tumor  volume,  cm3,  median  (range) 

141.1  (6.2-1186.1) 

203.1  (20.9-817.9) 

67.45  (4.1-753.2) 

.04a 

Radiation  therapy  completed 

Yes 

74 

63 

61 

.  1 51 b 

No 

0 

3 

1 

Delay  until  completion  of  radiation,  d 

<,5 

4 

22 

6 

.442b 

>5 

1 

2 

2 

Induction  chemotherapy 

Yes 

42  (57%) 

22  (33%) 

23  (37%) 

.01 b 

No 

32  (43%) 

44  (67%) 

39  (63%) 

(Continued) 
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Table  1.  (Continued) 


Characteristic 

3D  Conformal 

IMRT 

Proton  Beam 

Concurrent 

Concurrent 

Concurrent 

Chemoradiation 

Chemoradiation 

Chemoradiation 

1^ 

II 

(n=66) 

(n=62) 

No.  of  induction  chemotherapy  cycles 

0 

32 

44 

39 

1 

1 

5 

1 

2 

24 

9 

8 

3 

12 

5 

4 

4+ 

3 

0 

6 

Unknown 

2 

3 

4 

Concurrent  chemotherapy 

Yes 

74 

66 

62 

No 

0 

0 

0 

No.  of  concurrent  chemotherapy  cycles 

1 

1 

0 

0 

2 

2 

1 

2 

3 

1 

6 

2 

4 

2 

2 

1 

5 

0 

5 

1 

6 

67 

43 

54 

7 

0 

0 

2 

Unknown 

1 

9 

0 

Adjuvant  chemotherapy 

Yes 

15  (20%) 

32  (48%) 

9  (14%) 

No 

59  (80%) 

34  (52%) 

53  (86%) 

No.  adjuvant  chemotherapy  cycles 

1 

0 

0 

4 

2 

4 

11 

2 

3 

3 

11 

2 

4+ 

5 

0 

1 

Unknown 

3 

10 

0 

Vital  status  at  last  follow-up 

Alive  with  disease 

4 

4 

20 

Alive  without  disease 

9 

11 

20 

Alive,  disease  status  unknown 

1 

0 

0 

Dead  of  disease 

40 

38 

18 

Dead  of  intercurrent  disease 

0 

5 

1 

Dead  of  unknown  causes 

20 

8 

3 

Follow-up  time,  mo,  median  (range) 

All  patients 

17.9  (2.3-76.1) 

17.4  (1.8-65.5) 

15.2  (3.3-27.4) 

Patients  alive  at  last  follow-up 

63.3  (24.0-79.1) 

45.6  (1 .8-65.5) 

15.2  (5.2-27.4) 

3D  indicates  3-dimensional;  IMRT,  intensity-modulated  radiation  therapy. 
a  Analysis  of  variance. 
b  Chi-square  test. 


(ie,  symptomatic  and  affecting  eating  or  swallowing,  with 
intravenous  fluids  indicated  for  <24  hours),  but  only  3 
(5%)  patients  experienced  grade  3  reactions  (ie,  sympto¬ 
matic  and  severely  affecting  eating/swallowing,  with  intra¬ 
venous  fluids,  tube  feedings,  or  total  parenteral  nutrition 
indicated  for  >24  hours).  Treatment-related  pneumonitis 
was  noted  in  49  patients  (79%),  but  only  1  (2%)  patient 


experienced  pneumonitis  of  grade  3  or  higher  (ie,  sympto¬ 
matic  [rather  than  only  visible  on  radiography],  interfer¬ 
ing  with  activities  of  daily  living,  and  requiring 
supplemental  oxygen)  (Table  2).  Because  differences  in 
tumor  volume  (67  cm3  for  the  proton  group,  14 1  cm3  for 
the  3D-CRT  group,  and  203  cm3  for  the  IMRT  group 
[Table  1])  could  have  influenced  these  results,  we 
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Table  2.  Acute  Nonhematologic  Toxicity  After  Photon  Versus  Proton  Therapy  for  Nonsmall  Cell  Lung  Cancer 

Toxicity  and 

Grade 

Grade 

Grade 

Grade 

Grade 

Grade 

Unknown 

P 

Treatment 

0 

1 

2 

3 

4 

5 

Esophagitis 

<.001 

Chemotherapy +3D-CRT 

3(4) 

25  (34) 

33  (45) 

13  (18) 

0 

0 

0 

Chemotherapy + 1 M  RT 

4(6) 

9(14) 

24  (36) 

26  (39) 

3  (4.5) 

0 

0 

Chemotherapy + PBT 

13  (21) 

22  (35.5) 

24  (39) 

3(5) 

0 

0 

0 

Pneumonitis 

<.001 

Chemotherapy +3D-CRT 

23  (31) 

9(12) 

20  (27) 

22  (30) 

0 

0 

0 

Chemotherapy + 1 M  RT 

19  (29) 

24  (36) 

17  (26) 

4(6) 

0 

2(3) 

0 

Chemotherapy + PBT 

13  (21) 

30  (48) 

18  (29) 

1  (2) 

0 

0 

0 

Dermatitis 

<.001 

Chemotherapy +3D-CRT 

6(8) 

54  (73) 

9(12) 

5(7) 

0 

0 

0 

Chemotherapy + 1 M  RT 

5(8) 

33  (50) 

17  (26) 

11  (17) 

0 

0 

0 

Chemotherapy + PBT 

2(3) 

22  (35.5) 

23  (37) 

15  (24) 

0 

0 

0 

Fatigue 

.002 

Chemotherapy +3D-CRT 

0 

20  (24) 

28  (34) 

24  (29) 

2(2) 

0 

0 

Chemotherapy + 1 M  RT 

12  (18) 

16  (24) 

27  (41) 

10  (15) 

1  (1.5) 

0 

0 

Chemotherapy + PBT 

3(5) 

12  (19) 

32  (52) 

12  (19) 

3(5) 

0 

0 

All  data  are  expressed  as  No.  of  patients  (%). 

3D-CRT  indicates  3-dimensional  conformal  radiation  therapy;  IMRT,  intensity-modulated  radiation  therapy;  PBT,  proton  beam  therapy. 

Table  3.  Acute  Grade  >2  Nonhematologic  Toxicity  After  Photon  Versus  Proton  Therapy  for  Nonsmall  Cell  Lung  Cancer  According 

to  Gross  Tumor  Volume 

Toxicity  and  Treatment 

Gross  Tumor  Volume 

<50  cm3  <100  cm3 

<200  cm3 

<300  cm3  <400  cm3 

<500  cm3 

Events 

P  Events 

P 

Events  P 

Events 

P  Events 

p 

Events 

P 

(%) 

(%) 

(%) 

(%) 

(%) 

(%) 

Esophagitis 

Chemotherapy +3D-CRT 

6(67) 

.160  16(62) 

.013 

27  (55)  <.001 

32  (57) 

<.001  38  (61) 

<.001 

41  (60) 

<.001 

Chemotherapy + 1 M  RT 

3  (100) 

6(75) 

22  (79) 

33  (80) 

35  (80) 

43  (83) 

Chemotherapy + PBT 

11  (48) 

19  (45) 

24  (44) 

25  (44) 

25  (42) 

26  (43) 

Pneumonitis 

Chemotherapy +3D-CRT 

7(78) 

.017  17(65) 

<.001 

31  (63)  <.001 

36  (64) 

<.001  37  (60) 

<.001 

38  (56) 

<.001 

Chemotherapy + 1 M  RT 

1  (33) 

3  (38) 

11  (39) 

17(41) 

18  (41) 

19  (37) 

Chemotherapy + PBT 

4(17) 

10  (24) 

17(31) 

17  (30) 

18  (31) 

18  (30) 

Dermatitis 

Chemotherapy +3D-CRT 

0(0) 

.035  5  (19) 

.03 

8(16)  .001 

10  (18) 

<.001  12(19) 

<.001 

13  (19) 

<.001 

Chemotherapy + 1 M  RT 

1  (33) 

3  (38) 

10  (36) 

16  (39) 

17  (39) 

21  (40) 

Chemotherapy + PBT 

14  (61) 

16  (38) 

33  (60) 

35  (61) 

37  (63) 

37  (62) 

Fatigue 

Chemotherapy +3D-CRT 

5  (56) 

.671  16(62) 

.227 

33  (67)  .001 

37  (66) 

.001  43  (69) 

<.001 

49  (72) 

.001 

Chemotherapy + 1 M  RT 

2(67) 

6(75) 

16  (57) 

23  (56) 

24  (55) 

29  (56) 

Chemotherapy + PBT 

18  (78) 

30  (71) 

40  (73) 

42  (74) 

44  (75) 

45  (75) 

3D-CRT  indicates  3-dimensional  conformal  radiation  therapy;  IMRT,  intensity-modulated  radiation  therapy;  PBT,  proton  beam  therapy. 


compared  toxicity  according  to  tumor  volume  and  found 
that  rates  of  grade  >2  pneumonitis  were  lower  after  pro¬ 
ton  therapy  at  every  tumor  volume  (Table  3).  We  further 
found  that  disease  stage  was  related  to  the  severity  of 
esophagitis  in  the  3D-CRT  group,  but  not  to  the  severity 
of  pneumonitis,  dermatitis,  or  fatigue  in  any  treatment 


group  (Table  4).  Finally,  we  found  that  toxicity  from  con¬ 
current  proton  therapy  and  chemotherapy  was  not 
affected  by  receipt  of  neoadjuvant  therapy,  with  no  differ¬ 
ences  observed  in  the  incidence  or  severity  of  esophagitis, 
pneumonitis,  fatigue,  dermatitis,  or  hematological  varia¬ 
bles  (data  not  shown). 
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Table  4.  Disease  Stage  and  Acute  Toxicity  After  Photon  Versus  Proton  Therapy  for  Nonsmall  Cell  Lung  Cancer 


Toxicity  and 

Treatment  and  Toxicity  Grade 

Disease  Stage 

0 

1 

3D-CRT 

2  3 

4 

5 

0 

1 

IMRT 

2  3 

4 

5 

0 

1 

PBT 

2  3 

4 

5 

Esophagitis3 

IB 

0 

1 

1 

0 

0 

0 

2A 

0 

0 

2 

0 

0 

0 

2B 

1 

0 

0 

1 

0 

0 

1 

0 

1 

1 

0 

0 

3 

2 

0 

0 

0 

0 

3A 

0 

14 

13 

3 

0 

0 

1 

5 

5 

4 

0 

0 

4 

11 

10 

0 

0 

0 

3B 

2 

9 

16 

7 

0 

0 

2 

3 

15 

16 

2 

0 

3 

3 

9 

2 

0 

0 

4 

0 

2 

2 

2 

0 

0 

0 

1 

3 

2 

1 

0 

2 

0 

2 

1 

0 

0 

Recurrent 

- 

- 

- 

- 

- 

- 

0 

0 

0 

3 

0 

0 

1 

5 

2 

0 

0 

0 

Pneumonitis13 

IB 

0 

1 

1 

0 

0 

0 

2A 

0 

0 

1 

1 

0 

0 

2B 

1 

0 

1 

0 

0 

0 

0 

1 

1 

1 

0 

0 

0 

3 

2 

0 

0 

0 

3A 

8 

5 

9 

8 

0 

0 

6 

2 

6 

1 

0 

0 

2 

15 

7 

1 

0 

0 

3B 

9 

4 

9 

12 

0 

0 

12 

15 

7 

2 

0 

2 

5 

7 

5 

0 

0 

0 

4 

5 

0 

0 

1 

0 

0 

0 

4 

3 

0 

0 

0 

2 

2 

1 

0 

0 

0 

Recurrent 

- 

- 

- 

- 

- 

- 

1 

2 

0 

0 

0 

0 

4 

2 

2 

0 

0 

0 

Dermatitis3 

IB 

0 

2 

0 

0 

0 

0 

2A 

0 

2 

0 

0 

0 

0 

2B 

0 

2 

0 

0 

0 

0 

1 

1 

1 

0 

0 

0 

0 

2 

1 

2 

0 

0 

3A 

3 

22 

3 

2 

0 

0 

0 

10 

2 

3 

0 

0 

1 

9 

12 

3 

0 

0 

3B 

3 

24 

4 

3 

0 

0 

3 

16 

12 

7 

0 

0 

1 

4 

7 

5 

0 

0 

4 

0 

4 

2 

0 

0 

0 

1 

3 

2 

1 

0 

0 

0 

0 

3 

2 

0 

0 

Recurrent 

- 

- 

- 

- 

- 

- 

0 

3 

0 

0 

0 

0 

0 

5 

0 

3 

0 

0 

Fatigued 

IB 

0 

0 

1 

0 

1 

0 

2A 

0 

1 

0 

1 

0 

0 

2B 

0 

0 

0 

2 

0 

0 

2 

1 

0 

0 

0 

0 

0 

1 

3 

1 

0 

0 

3A 

0 

10 

13 

7 

0 

0 

3 

3 

7 

2 

0 

0 

2 

5 

15 

3 

0 

0 

3B 

0 

8 

12 

13 

1 

0 

6 

10 

15 

6 

1 

0 

0 

3 

9 

4 

1 

0 

4 

0 

1 

3 

1 

1 

0 

1 

1 

4 

1 

0 

0 

0 

0 

2 

3 

0 

0 

Recurrent 

- 

— 

- 

- 

— 

0 

1 

1 

1 

0 

0 

1 

3 

2 

1 

1 

0 

3D-CRT  indicates  3-dimensional  conformal  radiation  therapy;  IMRT,  intensity-modulated  radiation  therapy;  PBT,  proton  beam  therapy. 
aP  .042  for  3D-CRT,  .333  for  IMRT,  and  .155  for  PBT  (Mantel-Haenszel,  not  significant). 

bP— 412  for  3D-CRT,  .388  for  IMRT,  and  .655  for  PBT  (Mantel-Haenszel,  not  significant). 

c P—953  for  3D-CRT,  .537  for  IMRT,  and  .315  for  PBT. 

d P—324  for  3D-CRT,  .911  for  IMRT,  and  .237  for  PBT. 


Preliminary  findings  on  survival  are  as  follows.  Me¬ 
dian  overall  survival  times  were  17.7  months  for  the  3D- 
CRT  group,  17.6  months  for  the  IMRT  group,  and  24.4 
months  for  the  proton  therapy  group  (log-rank  P  = 
0.1061  [not  significant]). 

DISCUSSION 

This  is  the  first  report  of  proton  beam  therapy  with  con¬ 
current  chemotherapy  for  NSCLC  that  permits  evalua¬ 
tion  of  acute  and  subacute  toxicity.  We  recognize  that  any 
comparison  of  treatment  outcomes  that  involves  1  or 
more  retrospective  components  will  be  associated  with 


selection  bias;  nevertheless,  we  believe  that  historical  com¬ 
parisons  such  as  the  ones  made  here  are  important. 

Unresectable  NSCLC  is  far  more  common  and  le¬ 
thal  than  the  other  diseases  treated  with  proton  therapy  to 
date.  Concurrent  chemoradiation  therapy  has  emerged  as 
the  treatment  of  choice  for  unresectable  NSCLC,  but  the 
sensitivity  of  the  normal  lung  limits  the  radiation  doses 
that  can  be  delivered.  Local  control  rates  at  conventional 
radiation  doses  are  poor,  ranging  from  20%  to  50%, 
depending  on  the  method  of  evaluation/  Findings  from  a 
phase  1/2  trial  by  the  Radiation  Therapy  Oncology 
Group  (RTOG),10  a  phase  1  trial  by  the  North  Central 
Cancer  Treatment  Group,11  and  a  phase  2  trial  by  the 
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Table  5.  Pneumonitis  and  Esophagitis  in  Other  Trials  of 
Chemoradiation  Therapy  for  Locally  Advanced  Nonsmall 
Cell  Lung  Cancer 


Study 

No.  of 
Patients 

Esophagitis, 

% 

Pneumonitis, 

% 

Bradley  et  al10 

53 

40a 

23 

Socinski  et  al12 

37 

16 

11 

Antonadou  et  al15 

73 

84 

56 

Komaki  et  al16 

62 

35 

16 

Leong  et  al17 

60 

15 

NR 

Senzer18 

100 

21 

NR 

Movsas  et  al19 

243 

34 

16.7 

Wei  et  al20 

215 

20.5 

NR 

Current  study 

62 

5 

2 

All  toxicities  are  grade  >3  unless  noted  otherwise. 

NR  indicates  not  reported. 

a  Grade  >2  esophagitis;  grade  >3  esophagitis  not  reported. 


Cancer  and  Leukemia  Group  B1"  confirm  that  the  maxi¬ 
mum  tolerated  dose  of  x-ray  (photon)  therapy,  given  as 
3D-CRT  with  paclitaxel-  and  carboplatin-based  chemo¬ 
therapy,  is  74  Gy.  If  the  use  of  protons  allowed  the  radia¬ 
tion  dose  to  the  tumor  to  be  increased  without  increasing 
the  toxicity  of  the  concurrent  treatment,  this  could  be  an 
important  factor  in  improving  outcome. 

Concurrent  chemoradiation  therapy  has  been  the 
standard  of  care  for  locally  advanced  NSCLC  at  the  MD 
Anderson  Cancer  Center  since  the  1990s.  The  transition 
from  2D-RT  to  3D-CRT  took  place  in  1997. 13,14  The 
transition  from  3D-CRT  to  IMRT  occurred  in  2004,  and 
results  comparing  these  2  techniques  have  been  reported 
elsewhere."’7  Studies  of  tumor  motion  and  methods  of 
managing  it  also  took  place  during  2003-20056  and  were 
used  as  the  basis  for  addressing  tumor  motion  with  IMRT 
and  with  proton  therapy.  Nevertheless,  when  this  report 
was  written,  IMRT  was  not  considered  standard  through¬ 
out  the  United  States,  which  led  to  our  including  a  com¬ 
parison  group  treated  with  3D-CRT  as  well  as  another 
group  treated  with  IMRT  during  the  past  decade. 

This  report  focuses  only  on  acute  and  subacute  tox¬ 
icity,  because  our  follow-up  time  is  too  short  to  evaluate 
tumor  control  and  survival.  Findings  from  other  trials  of 
concurrent  chemoradiation  therapy  for  NSCLC  are 
shown  in  Table  5. 10,12,15  20  Notably,  our  median  total 
dose  from  proton  therapy  as  reported  here  was  74 
Gy(RBE),  which  is  more  than  15%  higher  than  the  stand¬ 
ard  63-Gy  dose  used  in  most  NSCLC  trials  such  as 
RTOG  9410. 21  Both  phase  2  trials  that  used  74  Gy  (pho¬ 
tons)  with  carboplatin  and  paclitaxel10,12  have  shown  sub¬ 
stantially  higher  rates  of  severe  (grade  >3)  pneumonitis 
than  the  current  experience  (Table  5).  Rates  of  severe 
esophagitis  are  more  difficult  to  compare  directly,  because 


the  RTOG  report10  included  only  grade  >2  esophagitis. 
Nevertheless,  the  rate  of  grade  >2  esophagitis  in  that 
study  (40%)  compared  favorably  with  the  rate  in  the  cur¬ 
rent  study  (43%). 

Treatment-related  pneumonitis  is  the  most  serious 
adverse  effect  of  radiation  or  chemoradiation  in  NSCLC. 
It  occurs  predominantly  within  6  months  of  treatment22 
and  can  contribute  to  the  death  of  patients.  In  the  MD 
Anderson  Cancer  Center  experience  with  3D-CRT  given 
at  a  median  total  dose  of  63  Gy,  32%  of  patients  had  treat¬ 
ment-related  pneumonitis  of  grade  3  or  higher.2  Pneumo¬ 
nitis  is  well  known  to  be  related  to  the  volume  of  normal 
lung  irradiated"2"25;  hence  in  cooperative  group  studies,  a 
limit  is  placed  on  the  volume  of  normal  lung  that  can 
receive  a  total  dose  of  20  Gy  or  more.  Findings  from  treat¬ 
ment  planning  studies3  suggest  that  proton  beam  therapy 
could  decrease  the  volume  of  normal  lung  irradiated  com¬ 
pared  with  x-ray  treatments  (3D-CRT  and  IMRT)  even 
while  delivering  higher  total  radiation  doses  to  the  tumor. 
Our  experience  to  date  supports  this  hypothesis. 

Esophageal  reactions  are  rarely  life-threatening,  but 
the  odynophagia  resulting  from  concurrent  chemoradia¬ 
tion  therapy  can  profoundly  hinder  quality  of  life  during 
treatment  and  for  weeks  thereafter.  Such  reactions  are  rela¬ 
tively  common  (Tables  2,  4,  5);  in  an  RTOG  study  of  the 
cytoprotectant  amifostine  to  reduce  dysphagia  and  odyno¬ 
phagia  from  concurrent  chemoradiation  for  NSCLC,12 
the  rate  of  severe  (>grade  3)  esophageal  reactions  was 
34%  in  the  control  (no-amifostine)  group  (n  =  122).  In 
the  present  study,  we  found  that  proton  beam  therapy 
produced  severe  esophagitis  in  only  5%  of  patients. 

The  relatively  high  rate  of  dermatitis  in  the  proton 
group  probably  reflects  the  higher  surface  dose  of  protons 
versus  photons  and  the  use  of  relatively  few  proton  beams 
(2-4  per  patient)  to  minimize  the  exposure  of  normal  lung 
tissue.  In  any  event,  dermatitis  associated  with  proton 
therapy  was  rarely  severe  (24%  grade  3  and  no  grade  4-5 
[Table  2])  and  was  effectively  treated  with  supportive 
measures  without  the  need  to  delay  therapy. 

Our  study  did  have  several  shortcomings  related  to 
the  use  of  retrospective  data  for  comparison,  including 
substantial  differences  in  pretreatment  assessments  (espe¬ 
cially  imaging)  and  treatment-planning  capabilities7  over 
the  periods  of  study  and  the  heterogeneity  of  the  patient 
populations.  The  difference  in  baseline  GTV  between  the 
3  groups  in  particular  could  be  attributable  to  heterogene¬ 
ity  of  disease  stage,  but  also  to  the  increasing  use  of  more 
rigorous  evaluations  of  nodal  disease  (eg,  PET,  endoscopic 
ultrasonography)  and  the  development  of  highly 
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conformal  planning  and  delivery  techniques  over  the  peri¬ 
ods  of  study,  both  of  which  might  be  expected  to  lead  to 
smaller  GTVs.  The  proton  therapy  group  was  itself  some¬ 
what  heterogeneous  because  of  the  inclusion  of  25  patients 
with  any  stage  (including  recurrent)  disease;  however,  a 
separate  analysis  of  only  those  patients  with  previously 
untreated  stage  3  disease  showed  similar  rates  of  grade  3 
toxicity  (dermatitis  13.3%,  esophagitis  6.7%,  pneumonitis 
3.3%)  and  no  grade  4-5  toxicity.26  Moreover,  our  analysis 
of  toxicity  according  to  GTV  revealed  that  most  toxicides 
were  independent  of  tumor  size  within  the  groups  and  that 
the  rate  of  pneumonitis  was  lower  in  the  proton  group 
regardless  of  tumor  size  (Table  3)  and  disease  stage  (Table 
4).  Despite  these  acknowledged  shortcomings,  it  seemed 
important  nevertheless  to  have  clinical  data  on  the  poten¬ 
tial  toxicity  of  proton  therapy  before  proceeding  to  a 
randomized  trial,  particularly  one  involving  a  higher  total 
radiation  dose.  Some  strengths  that  may  warrant  such 
comparisons  include  the  consistency  of  normal-tissue  dose 
constraints  over  the  3  treatment  periods  (2001-2003  for 
3D-CRT,  2003-2005  for  IMRT,  and  2006-2008  for  pro¬ 
ton  therapy).  These  dose  constraints  were  derived  from 
those  used  by  the  RTOG,  of  which  MD  Anderson  Cancer 
Center  has  been  a  participating  member  for  more  than  2 
decades.  Moreover,  tumor  motion  has  been  accounted  for 
in  the  same  way  since  2004;  specifically,  4-dimensional 
CT  scanning  is  used  during  treatment  simulation  and 
planning  to  develop  individualized  GTVs  and  clinical  tar¬ 
get  volumes. 

This  promising  early  experience  with  concurrent 
chemotherapy  and  proton  therapy  has  led  us  to  design  a 
prospective  randomized  comparative  trial  of  proton  ther¬ 
apy  versus  IMRT,  both  with  concurrent  chemotherapy, 
for  stage  2/3  NSCLC  (ClinicalTrials.gov  identifier 
NCT00495040).  In  that  trial,  patients  are  randomly 
assigned  to  receive  IMRT+chemotherapy  or  proton 
beam  therapy+chemotherapy.  Both  arms  require  that  the 
GTV  be  treated  to  the  same  total  dose  [74  Gy  of  IMRT; 
74  Gy(RBE)  of  proton  therapy]  in  the  same  fractionation 
[2  Gy  or  2  Gy(RBE)  per  fraction] .  Primary  endpoints  are 
local  tumor  control  and  severe  (>  grade  3)  treatment- 
related  pneumonitis.  This  trial,  a  joint  effort  between 
Massachusetts  General  Hospital  and  MD  Anderson  Can¬ 
cer  Center,  is  supported  in  part  by  a  grant  from  the 
National  Cancer  Institute  (P01CA021239). 
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Long-Term  Safety  and  Tolerability  of  Sorafenib 
in  Patients  with  Advanced  Non— Small-Cell  Lung 
Cancer:  A  Case-Based  Review 

Alex  A.  Adjei,1  George  R.  Blumenschein,  Jr.,2  Sumithra  Mandrekar,3 
Shauna  Hillman,3  Ulrich  Gatzemeier,4  David  Heigener4 

Abstract 

Background:  Sorafenib,  a  small-molecule  inhibitor  of  multiple  kinases  involved  in  tumor  growth  and  progression,  is 
approved  for  the  treatment  of  advanced  renal-cell  carcinoma  and  advanced  hepatocellular  carcinoma.  Encouraging 
activity  and  good  tolerability  of  daily  oral  sorafenib,  either  as  a  single  agent  or  in  combination  with  gefitinib,  have  been 
demonstrated  in  phase  l-ll  trials  in  patients  with  advanced  non-small-cell  lung  cancer  (NSCLC).  Currently,  minimal  data  are 
available  describing  the  long-term  safety  and  tolerability  of  sorafenib  in  patients  with  NSCLC.  Materials  and  Methods: 
We  describe  a  series  of  12  patients  with  advanced  NSCLC  (derived  from  1  phase  I  and  2  phase  II  trials)  who  achieved 
long-term  (ie,  >  12  months)  disease  control  and  continued  to  receive  sorafenib  alone  or  in  combination  with  gefitinib 
beyond  the  end  of  the  study  in  which  they  were  enrolled.  Results:  The  safety  profile  of  sorafenib  administered  on  a 
long-term  basis  did  not  differ  significantly  from  that  seen  previously  in  the  shorter  term.  The  majority  of  adverse  events 
(AEs)  were  Grade  1-2  in  severity.  Five  of  the  12  patients  experienced  no  >  Grade  3  AEs.  There  was  no  evidence  of 
increased  frequency  or  severity  of  AEs  over  time,  or  of  late  AEs,  and  no  patient  in  this  series  discontinued  study  treatment 
because  of  AEs.  Conclusion:  In  patients  with  advanced  NSCLC  who  achieve  a  prolonged  response  or  stable  disease  with 
sorafenib  given  as  a  single  agent  or  as  part  of  a  combination  regimen,  sorafenib  treatment  could  be  continued  until  disease 
progression  without  major  long-term  safety  or  tolerability  problems. 

Clinical  Lung  Cancer,  Vol.  12,  No.  4,  212-7  ©  201 1  Published  by  Elsevier  Inc. 
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Introduction 

Non-small-cell  lung  cancer  (NSCLC)  accounts  for  85%  of  all 
lung  cancer  diagnoses.1  Patients  with  NSCLC  typically  present  late 
in  the  course  of  the  disease.  Despite  the  wide  variety  of  agents  used  to 
treat  NSCLC,  prognosis  remains  poor.  In  general,  5-year  survival 
rates  for  lung  cancer  do  not  exceed  15%,2  and  only  1%  of  patients 
with  advanced,  metastatic  NSCLC  at  diagnosis  live  for  5  years.3 

Chemotherapeutic  options  for  patients  with  NSCLC  include  plat¬ 
inum-based  doublet  chemotherapy  in  the  first-line  setting,  and  do- 
cetaxel,  pemetrexed,  gemcitabine,  and  vinorelbine  at  first  and/or 
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subsequent  relapses.4'3  However,  outcomes  following  cytotoxic 
chemotherapy  remain  unsatisfactory,  and  the  side  effects  associated 
with  these  regimens  can  significantly  impair  quality  of  life.  More¬ 
over,  elderly  patients  and/or  those  with  poor  performance  status  are 
often  unsuitable  for  cytotoxic  chemotherapy.  Targeted  therapies, 
many  of  which  are  cytostatic  in  nature,  can  result  in  disease  stability 
and  sometimes  result  in  tumor  response  with  an  improved  side  effect 
profile  compared  with  cytotoxic  chemotherapy.6'9  Targeted  thera¬ 
pies  may  therefore  offer  the  potential  for  long-term  treatment, 
thereby  facilitating  effective  disease  control  and  the  maintenance  of 
functional  status. 

Several  targeted  therapies  inhibit  the  activity  of  epidermal  growth 
factor  receptor  (EGFR),  an  important  regulator  of  proliferation  in 
cancer  cells.  Two  EGFR  tyrosine  kinase  inhibitors  (TKIs)  are  ap¬ 
proved  as  second-  or  third-line  therapy  for  NSCLC:  erlotinib  and 
gefitinib.  In  April  2010,  erlotinib  was  also  approved  as  maintenance 
treatment  for  patients  with  locally  advanced  or  metastatic  NSCLC. 
Both  of  these  agents  have  demonstrated  an  acceptable  tolerability 
profile,  with  diarrhea  and  rash  being  the  most  commonly  reported 
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adverse  events  (AEs)  in  clinical  trials.7'9  Targeting  a  single  signaling 
pathway,  however,  may  not  be  sufficient  to  prevent  the  growth  of 
many  tumors,  and  the  efficacy  of  EGFR  TKIs  in  NSCLC  appears  to 
be  closely  related  to  the  presence  of  EGFR  mutations.10 Another 
signaling  pathway  that  has  been  targeted  in  NSCLC  is  that  regulated 
by  vascular  endothelial  growth  factor  (VEGF),  a  mediator  of  angio¬ 
genesis.  The  anti- VEGF  monoclonal  antibody  bevacizumab,  in 
combination  with  platinum-based  doublets,  is  active  in  NSCLC,13 
and  combinations  of  bevacizumab  with  crlotinib 1  1  or  cisplatin/gem- 
citabine15'16  have  yielded  particularly  encouraging  results. 

Sorafenib  is  a  small-molecule  inhibitor  of  several  protein  kinases, 
including  Raf  serine/threonine  kinases,  the  proangiogenic  VEGF  re¬ 
ceptors  (VEGFR)-l,  VEGFR-2,  VEGFR-3,  and  platelet-derived 
growth  factor  receptor  (PDGFR)-jS  tyrosine  kinases.17  It  therefore 
inhibits  both  tumor-cell  proliferation  and  tumor  angiogenesis. 
Sorafenib  blocks  proliferation  of  tumor  cells  by  inhibiting  the  Raf/ 
MEK/ERK  pathway  at  the  level  of  Raf  kinase,  as  well  as  inhibiting 
angiogenesis  by  targeting  VEGFR-2  and  -3  and  PDGFR.  Sorafenib, 
administered  at  a  dose  of  400  mg  twice  a  day  (b.i.d.),  is  approved  by 
the  European  Medicines  Agency  for  the  treatment  of  advanced  renal 
cell  carcinoma  (RCC;  patients  who  have  failed  or  are  unsuitable  for 
cytokine  therapy)  and  hepatocellular  carcinoma  (HCC),18  and  by 
the  US  Food  and  Drug  Administration  for  the  treatment  of  advanced 
RCC  and  unresectable  HCC.19  Sorafenib  and  has  also  shown  anti¬ 
tumor  activity  in  clinical  trials  in  patients  with  other  solid  tu¬ 
mors.6'20'24  Phase  III  studies  in  RCC  and  HCC  established  the 
safety  profile  of  sorafenib,  with  the  majority  of  AEs  being  mild-to- 
moderate  in  severity  and  manageable.2"7"  In  these  trials,  the  most 
common  AEs  in  the  sorafenib  groups  included  diarrhea,  fatigue,  and 
skin  problems  such  as  rash  and  hand  and  foot  skin  reaction  (HFSR). 

Sorafenib  is  currently  under  investigation  in  NSCLC  and  a  variety 
of  other  tumor  types,  including  thyroid,  breast,  ovarian,  and  prostate 
cancers,  gastrointestinal  stromal  tumor,  malignant  melanoma,  acute 
myelogenous  leukemia,  and  central  nervous  system  tumors.  Studies 
typically  employ  a  dosing  schedule  of 400  mg  b.i.d.  given  in  repeated 
cycles  of  28  days.  Sorafenib,  either  alone  or  in  combination  with 
another  agent,  demonstrated  activity  in  NSCLC  in  3  phase  I-II  stud¬ 
ies.6'"0'23  In  a  phase  I  study  in  3 1  patients  with  refractory  or  recurrent 
NSCLC  treated  with  sorafenib  in  combination  with  the  EGFR  TKI 
gefitinib,6  1  patient  achieved  a  partial  response  (PR)  and  20  achieved 
stable  disease  (SD)  (13  patients  maintained  SD  for  £:  4  months). 
The  majority  of  AEs  were  Grade  1-2,  and  the  most  frequent  Grade 
3-4  AEs  were  diarrhea  and  elevated  alanine  aminotransferase  (ALT) . 
In  a  single  agent,  phase  II  “window  of  opportunity”  study  of 
sorafenib  in  25  patients  with  previously  untreated  stage  IIIB-IV 
NSCLC,20  3  patients  (12%)  achieved  a  PR  and  7  (28%)  achieved 
SD.  Fatigue,  diarrhea,  and  dyspnea  were  the  most  common  AEs. 
There  was  1  Grade  4  pulmonary  hemorrhage.  In  another  phase  II 
study,23  sorafenib  given  as  a  single  agent  elicited  SD  in  30  (59%)  out 
of  51  evaluable  patients  with  advanced,  recurrent  NSCLC.  Tumor 
shrinkage  was  observed  in  15  (29%)  evaluable  patients.  Again, 
sorafenib  was  generally  well  tolerated;  the  most  frequent  drug-related 
AEs  were  diarrhea,  HFSR,  fatigue,  and  nausea. 

A  phase  III  trial  of  sorafenib  in  combination  with  carboplatin  and 
paclitaxel  in  patients  with  advanced  NSCLC  has  been  conducted. 
However,  this  study  did  not  meet  its  primary  endpoint  of  improved 


overall  survival  compared  with  carboplatin  and  paclitaxel  plus  pla¬ 
cebo.28  These  findings  suggest  that  the  use  of  sorafenib  in  combina¬ 
tion  with  chemotherapy  as  a  first-line  treatment  for  patients  with 
NSCLC  needs  further  consideration  and  evaluation.  There  may  also 
be  a  role  for  sorafenib  as  a  single  agent  in  the  treatment  of  NSCLC  in 
the  second-  and  third-line  settings. 

Promising  preliminary  results  of  a  randomized  discontinuation 
study  of  single-agent  sorafenib  versus  placebo  in  patients  with 
NSCLC  who  had  progressed  on  chemotherapy  (n  =  342)  suggest 
that  sorafenib  in  the  third-line  setting  may  prolong  progression-free 
survival  in  heavily  pretreated  patients  with  slowly  growing  disease.29 
Again,  sorafenib  was  well  tolerated,  with  fatigue  ( 1 1.3%)  and  HFSR 
(9%)  being  the  most  frequently  reported  Grade  3-4  toxicities. 

The  dosing  schedule  for  sorafenib  involves  continuous  treatment 
until  progression;  hence,  patients  who  benefit  from  sorafenib  treat¬ 
ment  are  likely  to  continue  to  receive  therapy  over  a  long  period. 
There  are  minimal  data  on  the  long-term  safety  and  tolerability  of 
sorafenib  in  NSCLC.  We  therefore  retrospectively  analyzed  the  case 
histories  of  12  patients  from  3  studies6'20’23  who  maintained  a  re¬ 
sponse  of  SD  or  better  for  longer  than  12  months,  and  thus  contin¬ 
ued  to  receive  sorafenib  throughout  this  period. 

Case  Series 

Data  are  reported  for  12  patients  who  continued  sorafenib  therapy 
for  a  period  of  more  than  1  year.  Four  cases  of  stage  IIIB  (with 
effusion) /IV  NSCLC  (previously  untreated)  were  derived  from  a 
phase  II  trial  of  sorafenib  alone,20  2  cases  of  relapsed  or  refractory 
stage  IV  NSCLC  were  derived  from  a  phase  II  sorafenib  alone  trial,23 
and  6  cases  of  advanced,  refractory  or  recurrent  disease  were  derived 
from  a  phase  I  dose-escalation  study  of  sorafenib  in  combination 
with  gefitinib.6  The  studies  were  approved  by  the  appropriate  ethics 
committees  and  institutional  review  boards,  and  all  patients  provided 
informed  consent.  The  number  of  patients  in  the  original  study  sam¬ 
ples  and  long-term  sorafenib  treatment  subsets,  as  well  the  median 
duration  of  treatment  in  each  of  the  long-term  sorafenib  treatment 
subsets,  are  summarized  in  Table  l.6'”0,23  The  12  patients  included 
in  the  case  series  achieved  clinical  benefit  from  sorafenib  treatment 
and  tolerated  sorafenib  well;  hence,  at  the  discretion  of  the  respective 
investigators,  they  continued  to  receive  sorafenib  treatment  on  a 
long-term  basis.  Four  of  the  12  patients  had  previously  received  che¬ 
motherapy  for  NSCLC;  3  of  these  had  also  undergone  surgery,  and  1 
had  undergone  radiotherapy.  Two  patients  had  undergone  surgery 
alone.  One  patient  (sorafenib  alone;  previously  untreated)  was  of 
Asian  origin;  the  remainder  were  Caucasian.  Baseline  demographic 
and  disease  characteristics  of  the  12  patients  included  in  this  case 
series  are  shown  in  Table  2. 

Sorafenib  Treatment 

Patients  were  scheduled  to  receive  oral  sorafenib  (Bayer  Pharma¬ 
ceuticals  Corporation)  at  the  standard  dose  of  400  mg  b.i.d.,  either 
alone  or  in  combination  with  gefitinib  (AstraZeneca)  250  mg  once 
per  day  (q.d.).  The  6  patients  from  the  sorafenib  alone  trials  received 
16-37  cycles  of  sorafenib,  and  those  in  the  combination  trial  received 
18-31  cycles  of  sorafenib  plus  gefitinib  (Table  3). 

The  dose  of  sorafenib  could  be  reduced,  or  sorafenib  treatment 
could  be  delayed  or  interrupted,  for  AEs  at  any  time  during  treat¬ 
ment  at  the  discretion  of  the  investigator.  In  general,  dose  delay  refers 
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Table  1  Studies  From  Which  Cases  Were  Derived,  Number  of  Cases  Derived  From  Each  Study,  and  Median  Duration  of  Sorafenib 
Therapy  in  Long-Term  Treatment  Subsets 

Study 

Treatment  Regimen 

Na 

nb 

Median  Duration  of  Sorafenib  Therapy 
in  Long-Term  Treatment  Subgroup, 

Days  (Range) 

Front-Line,  Window-of-Opportunity,  Phase  II 
Sorafenib  Alone  Trial20  <Data  nDt  shown) 

Sorafenib  400  mg  b.i.d.  in  previously 
untreated  patients 

25 

4 

587  (457-761) 

Phase  II,  Uncontrolled  Sorafenib  Alone 

Trial23 

Sorafenib  400  mg  b.i.d.  in  patients 
with  recurrent  NSCLC 

52 

2 

68(1-344) 

Phase  1  Trial  of  Sorafenib  in  Combination 

With  Gefitinib6 

Sorafenib  200  mg-400  mg  b.i.d.  plus 

Gefitinib  250  mg  q.d. 

32 

6 

104  (12-368) 

Abbreviations:  b.i.d.  =  twice  per  day;  NSCLC  =  non-small-cell  lung  cancer;  q.d.  =  once  per  day. 
“Number  of  evaluable  patients  in  original  study  sample. 

b  Number  of  patients  who  received  long-term  treatment  with  sorafenib  and  are  included  in  case  series. 


Table  2 

Baseline  Demographic,  Disease  Characteristics, 

and  Treatment  History 

Demographics 

Disease  Characteristics 

Treatment 

History 

Patient 

Age 

(Years) 

Sex 

Ethnicity 

ECOG 

PS 

Date  of 
Diagnosis 

Stage  at 
Study  Entry 

Histology 

Previous 

Surgery 

Previous 

Radiotherapy 

Previous 

Chemotherapy 

Sorafenib  Alone  (400  mg  b.i.d.) 

1 

38 

F 

Caucasian 

0 

Apr  26  2001 

IV 

AdenoCA 

Yes 

No 

Cetuximab/vinorelbine/ 

cisplatin 

II 

51 

F 

Caucasian 

0 

Jun  23  2003 

IV 

AdenoCA 

No 

Yes 

Carboplatin/etoposide 

III 

60 

F 

Caucasian 

0 

Feb  24  2005 

IV 

NA 

No 

No 

No 

IV 

61 

M 

Caucasian 

0 

Jun  19  1998 

IV 

NA 

Yes 

No 

No 

V 

58 

F 

Asian 

0 

Mar  5  2005 

IIIB  (pleural 
effusion) 

NA 

No 

No 

No 

VI 

74 

F 

Caucasian 

0 

Apr  7  2005 

IV 

NA 

No 

No 

No 

Sorafenib  400  mg  b.i.d.  plus  Gefitinib  250  mg  q.d. 

VII 

70 

M 

Caucasian 

0 

Jan  5  2004 

IB 

BAC 

No 

No 

No 

VIII 

46 

F 

Caucasian 

0 

Feb  25  2002 

IIIB 

AdenoCA 

Yes 

No 

Gemcitabine/pemetrexed 

IX 

67 

F 

Caucasian 

0 

Mar  2  2004 

IV 

BAC 

No 

No 

No 

X 

74 

M 

Caucasian 

0 

Mar  15  2004 

IV 

AdenoCA 

Yes 

No 

No 

XI 

69 

F 

Caucasian 

1 

Apr  19  2000 

IB 

BAC 

Yes 

No 

Gemcitabine/pemetrexed 

XII 

73 

F 

Caucasian 

1 

1999 

IIIB 

AdenoCA 

No 

No 

No 

Abbreviations:  AdenoCA  =  adenocarcinoma;  BAC  =  bronchoalveolar  carcinoma;  b.i.d.  =  twice  per  day;  ECOG  PS  =  Eastern  Cooperative  Oncology  Group  performance  status;  F  =  female;  M  =  male. 


to  a  halt  in  dose  because  of  unforeseen  circumstances,  whereas  dose 
interruption  refers  to  a  planned  pause  in  treatment;  for  example,  to 
allow  resolution  of  an  AE.  In  1  of  the  sorafenib  alone  trials,20  1 
patient  received  only  200  mg  b.i.d.  for  the  first  cycle  because  of  an 
error,  but  did  receive  400  mg  in  subsequent  cycles;  and  2  patients 
(patients  IV  and  VI)  had  multiple  dose  modifications.  In  the  com¬ 
bination  therapy  trial,6  3  patients  (patients  VIII,  IX,  and  XI)  had 
their  sorafenib  dose  reduced  from  400  to  200  mg  b.i.d.  because  of 
AEs  (after  1,  4,  and  6  cycles  of  treatment,  respectively),  and  they 
remained  at  this  dose  for  all  subsequent  cycles.  Another  patient  (pa¬ 
tient  XII)  received  400  mg  in  the  first  cycle,  400  to  800  mg  q.d.  in 
cycles  2  and  3,  and  200  mg  q.d.  from  cycle  4.  Dose  interruptions  and 
dose  delays  were  relatively  rare;  however,  more  patients  receiving 
combination  therapy  required  dose  delay  (4  versus  2  patients)  or  dose 
interruption  (5  versus  3  patients)  compared  with  those  treated  with 


sorafenib  alone.  The  most  common  reasons  for  sorafenib  dose  reduc¬ 
tion,  interruption,  or  delay  were  HFSR  and  fatigue. 

Safety  and  Tolerability 

In  all  patients  studied  here,  sorafenib  (either  alone  or  in  combina¬ 
tion  with  gefitinib)  was  generally  well  tolerated  over  the  long  term. 
The  majority  of  AEs  were  Grades  1-2,  and  5  ofthe  12  patients  had  no 
AEs  greater  in  severity  than  grade  2.  A  wider  variety  and  number  of 
Grade  1  -2  AEs  were  reported  in  patients  with  previously  untreated 
NSCLC  who  received  sorafenib  alone,  than  in  patients  with  recur¬ 
rent  NSCLC  although  this  may  be  a  consequence  of  different  report¬ 
ing  methods  between  studies.  The  majority  of  treatment-related  AEs 
occurred  over  just  a  few  cycles  of  treatment  (between  1  and  7  cycles 
in  duration).  However,  the  following  AEs  were  more  persistent  and 
continued  through  numerous  cycles  in  some  patients:  diarrhea  (be- 
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Table  3  £ 

•orafenib  Dosing  and  Dose  Reductions,  Interruptions,  and  Delay; 

Patient 

Date  of  First 
Sorafenib 
Dose 

First  Sorafenib 
Dose  (mg  per 
day) 

Subsequent  Sorafenib 
Doses  (mg  per  day) 

Total  Number 
of  28-day 
Cycles 

Cycles  with 
Sorafenib  Dose 
Interruption 

Cycles  with 
Sorafenib  Dose 
Delay 

Sorafenib  Alone  (400  mg  b.i.d.) 

1 

May  04 

400 

800  c  2  onward 

34 

None 

None 

II 

Sep  04 

800 

800  all  cycles 

37 

None 

None 

III 

Mar  05 

800 

800  all  cycles 

16 

None 

None 

IV 

Mar  05 

800 

400  c  10;  600  c  11-14; 

400  c  1 5  onward 

19 

2,  9,14,18-19 

None 

V 

June  05 

800 

800  all  cycles 

23 

19-20 

14,  20,  22 

VI 

Apr  05 

800 

400  c  2-5;  200  c  6  onward 

26 

1 , 5,  26 

2-3,  5-6,  8-9, 
16-17,  22,  25 

Sorafenib  400  mg  b.i.d.  plus  Gefitinib  250  mg  q.d. 

VII 

May  04 

800 

800  all  cycles 

31 

1,24 

None 

VIII 

May  04 

800 

400  c  2  onward 

28 

2,  8,  27-28 

2,10 

IX 

Jul  04 

800 

400  c  5  onward 

26 

1,2,  4,12,18-30 

1,5,10 

X 

Jun  04 

800 

800  all  cycles 

18 

None 

None 

XI 

Sep  04 

800 

400  c  7  onward 

26 

1,7,12,  26 

1, 12 

XII 

Dec  04 

400 

800  in  c  2;  400  c  3; 

200  q.d.,  c  4  onward 

19 

1,2,4,  7,18 

4 

Abbreviations:  b.i.d.  =  twice  per  day;  c  =  cycle;  q.d.  =  once  per  day. 


tween  0  and  26  cycles  in  total),  fatigue  (between  0  and  28  cycles), 
HFSR  (between  0  and  5  cycles),  alopecia  (between  0  and  35  cycles), 
rash/itch  (between  0  and  32  cycles),  and  anorexia  (between  0  and  13 
cycles).  Aminotransferase  elevations  were  reported  in  8  patients; 
these  elevations  were  of  grade  1-2  in  all  but  2  patients  (Grade  3 
elevated  ALT  or  aspartate  aminotransferase  [AST]),  generally  re¬ 
ported  early  in  the  treatment  (between  cycles  1  and  3),  and  lasted  for 
0  to  28  cycles,  depending  on  the  patient.  Other  Grade  1-2  AEs 
included  skin  rash,  cramps,  and  mucositis,  reported  at  varying  stages 
of  treatment.  The  only  AEs  reported  later  than  cycle  18  that  had  not 
been  seen  earlier  in  at  least  1  patient  were  paresthesia  in  the  toes, 
bronchus  hemorrhage,  limb  edema,  dizziness,  back  pain,  and  skin 
pain,  all  of  which  were  Grade  1-2  in  severity.  In  general,  the  patterns 
of  AEs  associated  with  sorafenib  alone  and  combination  therapy  were 
consistent. 

The  only  Grade  3-4  AE  associated  with  sorafenib  alone  was  diar¬ 
rhea  (Table  4).  Grade  3-4  AEs  were  more  common  in  patients  re¬ 
ceiving  combination  therapy  than  in  those  receiving  sorafenib  alone 
(Figure  l6-20'23),  Grade  3-4  AEs  among  patients  receiving  combina¬ 
tion  therapy  included  cough,  elevated  transaminases,  and  diarrhea. 
Grade  3-4  AEs  deemed  probably  or  possibly  related  to  treatment 
were  diarrhea,  elevated  transaminases,  and  cough.  Grade  3-4  AEs 
deemed  unrelated  to  study  treatment  were  elevated  lipase,  elevated 
uric  acid,  coronary  artery  atherosclerosis,  chest  pressure,  and  viral 
gastroenteritis.  There  were  no  specific  patient  characteristics  that 
appeared  to  suggest  differences  in  the  tolerability  of  long-term 
sorafenib,  and  the  pattern  and  severity  of  AEs  did  not  indicate  any 
worsening  of  toxicity,  or  emergence  of  new  toxicities,  during  long¬ 
term  treatment  with  sorafenib. 


Response  To  Therapy 

Patients  were  selected  for  this  analysis  on  the  basis  that  they  main¬ 
tained  SD  or  better  for  at  least  13  cycles  of  treatment.  All  6  patients 
who  received  sorafenib  alone  eventually  had  disease  progression  after 
16-37  cycles  of  treatment.  Similarly,  all  6  patients  who  received 
sorafenib  plus  gefitinib  experienced  disease  progression  18-31  cycles 
after  the  initiation  of  therapy  (Table  5). 

Discussion 

Patients  with  advanced  NSCLC  currently  have  a  very  poor  prog¬ 
nosis,  with  2%  to  10%  of  patients  (stages  III  and  IV)  surviving  5 
years  after  diagnosis.3  Furthermore,  for  most  patients,  NSCLC  pres¬ 
ents  a  considerable  burden  of  symptoms  that  can  profoundly  reduce 
quality  of  life.3"  Therapy  for  patients  with  advanced  NSCLC  must 
therefore  offer  sustained  antitumor  activity,  control  the  disease  and 
its  symptoms,  and  have  an  acceptable  safety/ tolerability  profile. 

In  this  case  series  of  12  patients  who  experienced  continuous  ben¬ 
efit  for  more  than  12  months  during  therapy  with  sorafenib  alone  or 
combination  therapy  with  gefitinib,  the  safety  and  tolerability  profile 
remained  constant  throughout  prolonged  therapy.  Few  treatment- 
related  AEs  were  of  Grade  S  3  in  severity,  and  when  these  did  occur 
they  were  generally  of  short  duration,  and  resolution  was  achieved  by 
reduction,  interruption,  or  delay  of  sorafenib  dosing.  This  observa¬ 
tion  is  consistent  with  that  of  other  investigators  with  experience 
treating  patients  for  more  than  6  months  with  sorafenib.31 

Overall,  long-term  toxicities  observed  in  this  case  series  were  con¬ 
sistent  with  those  seen  in  other  trials  evaluating  sorafenib  in  NSCLC. 
Common  AEs  included  diarrhea,  HFSR,  rash,  elevated  ALT,  and 
fatigue,  which  were  also  common  toxicities  in  shorter-term  studies  of 
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Table  4 

Treatment  Cycles  in  Which  Grade  3-4  AEs  Were  Reported 

Patient 

Sorafenib 

Grade  3-4  AEs  Possibly/Probably  Related  to 
Study  Treatment 

Grade  3-4  AEs  Not  Related  to  Study  Treatment 

Cough 

Alone 

Elevated 

AST 

Elevated 

ALT 

Diarrhea 

Elevate 

Lipase 

Elevated 

Uric 

Acid 

Coronary 

Artery 

Atherosclerosis 

Chest 

Pressure 

Viral 

Gastroenteritis 

IV 

9 

Sorafenib  plus  Gefitinib 

VII 

- 

- 

- 

- 

- 

- 

24 

23 

- 

VIII 

28 

- 

1 

- 

- 

1 

- 

- 

- 

IX 

- 

- 

- 

4 

- 

- 

- 

- 

- 

X 

- 

- 

- 

10 

- 

- 

- 

- 

- 

XI 

- 

- 

- 

- 

1 

- 

- 

- 

11 

XII 

- 

3 

- 

- 

- 

- 

- 

- 

- 

Abbreviations:  AE  =  adverse  event;  ALT  =  alanine  aminotransferase;  AST  =  aspartate  aminotransferase. 


Figure  1  Number  of  Patients  With  Advanced  NSCLC  Treated 
With  Sorafenib  Alone  (n  =  6)20-23  or  a  Combination 
of  Sorafenib  plus  Gefitinib  (n  =  6)6  Who 
Experienced  >  1  Grade  3-4  AE,  >  1  Sorafenib  Dose 
Delay,  or  >  1  Sorafenib  Dose  Interruption 


>1  Grade  3-4  >1  Sorafenib  >1  Sorafenib 

Adverse  Event  Dose  Delay  Dose  Interruption 


Abbreviations:  AE  =  adverse  event;  NSCLC  =  non-small-cell  lung  cancer. 


Table  5  Response  to  Treatment  and  Outcome 


Patient 

Total 

Best 

Current 

Cycles 

Response 

Status 

Sorafenib  Alone 

1 

34 

SD 

PDa 

II 

37 

SD 

PD 

III 

16 

SD 

PD 

IV 

19 

SD 

PD 

V 

23 

PR 

PD 

VI 

26 

SD 

PD 

Sorafenib  plus  Gefitinib 

VII 

31 

SD 

PD 

VIII 

28 

SD 

PD 

IX 

26 

SD 

PD 

X 

18 

SD 

PD 

XI 

26 

SD 

PD 

XII 

19 

SD 

PD 

sorafenib. 20-25'2s  24  Jn  our  case  series  and  in  these  trials,  sorafenib- 
related  AEs  were  both  predictable  and  manageable.  The  most  fre¬ 
quent  AE  of  any  grade  in  this  case  series  was  diarrhea,  a  recognized 
side  effect  of  both  sorafenib2’’"27  and  gefitinib.32  Diarrhea  accounted 
for  3  of  the  1 1  Grade  &  3  AEs  and  was  the  only  Grade  S  3  AE  to 
occur  with  sorafenib  alone.  Experience  with  sorafenib  in  patients 
with  RCC  has  demonstrated  that  diarrhea  is  often  easily  manageable 
with  dietary  modification  and  standard  antidiarrhea  treatments.33,34 
Although  dose  interruption  may  be  necessary  in  severe  cases,  diarrhea 
rarely  necessitates  discontinuation  of  sorafenib. 

Cardiovascular  AEs  were  relatively  rare,  and  no  bleeding  events 
were  reported.  Three  patients  receiving  therapy  with  sorafenib  alone 
experienced  hypertension;  all  cases  were  of  Grade  1-2  in  severity. 
Hypertension  has  previously  been  associated  with  sorafenib  therapy 


Abbreviations:  PD  =  progressive  disease;  PR  =  partial  response;  SD  =  stable  disease. 
aPD  after  34  months;  patient  died  5  months  later. 

in  patients  with  RCC22 1  incidence  of  coronary  artery  atherosclerosis, 
although  this  was  not  deemed  to  be  related  to  the  study  treatment. 

In  this  case  series,  there  was  no  evidence  of  an  increasing  need  to 
modify  dose  frequency  with  prolonged  sorafenib  treatment.  For  all 
patients  who  had  their  dose  reduced  for  toxicity,  dose  reduction 
usually  occurred  during  the  first  few  cycles  of  therapy,  with  no  dose 
reduction  needed  after  cycle  7  for  1 1  of  the  1 2  patients,  and  none 
needed  after  cycle  14  for  any  of  the  patients.  This  suggests  that,  for 
any  patient  who  may  require  dose  reduction,  the  optimal  tolerated 
dose  of  sorafenib  may  be  established  early  in  treatment.  Dose  inter¬ 
ruptions  and  delays  because  of  AEs  occurred  throughout  treatment 
in  some  patients,  but  with  no  suggestion  of  increased  AE  incidence  in 
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later  cycles.  All  patients  were  able  to  maintain  the  dose  of  sorafenib 
established  during  the  first  year  of  treatment  until  progression,  with 
no  withdrawals  for  late  toxicity. 

There  is  currently  an  unmet  need  for  effective  and  well  tolerated 
second-  and  third-line  therapeutic  options  for  NSCLC.  Presently, 
chemotherapy  for  NSCLC  can  prolong  survival  and  maintain  quality 
of  life  for  patients  with  good  performance  status  at  baseline;  however, 
the  majority  of  patients  with  advanced-stage  disease  experience  dis¬ 
ease  progression  within  3  months  of  initiation  of  second-line  ther¬ 
apy.35  This  retrospective  case  series  suggests  that  sorafenib  may  be 
successfully  administered  for  long  periods  of  time  without  significant 
safety  or  tolerability  issues. 

Conclusion 

In  the  12  patients  included  in  this  retrospective  case-based  analy¬ 
sis,  prolonged  sorafenib  therapy  (  >  1  year)  was  well  tolerated,  sug¬ 
gesting  that  patients  with  NSCLC  can  achieve  long-lasting  disease 
control  with  sorafenib  without  serious  treatment-related  sequelae. 
The  clinical  evaluation  of  sorafenib  in  patients  with  NSCLC  should 
be  continued. 
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PHASE  III  STUDIES 


Pharmacokinetic  study  of  the  phase  III,  randomized, 
double-blind,  multicenter  trial  (TRIBUTE)  of  paclitaxel 
and  carboplatin  combined  with  erlotinib  or  placebo 
in  patients  with  advanced  Non-small  Cell  Lung  Cancer 
(NSCLC) 
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Summary  Purpose  To  assess  the  pharmacokinetics  and 
evaluate  potential  drug-drug  interactions  between  erlotinib, 
paclitaxel  and  carboplatin.  Experimental  Design  1,079 
previously  untreated  patients  with  advanced  NSCLC  were 
enrolled  and  randomized  in  a  phase  111  trial  (TRIBUTE)  to 
receive  either  erlotinib  or  placebo  in  combination  with 
paclitaxel  200  mg/m2  IV  over  3  h  and  carboplatin  at  a 
calculated  dose  to  achieve  an  AUC  6  mg-min/mL.  To 
determine  possible  drug-drug  interaction  with  this  combi¬ 
nation,  a  subset  of  24  (12  erlotinib,  12  placebo)  patients 
were  enrolled  onto  an  intensive  pharmacokinetic  (IPK) 
substudy  group  at  a  single  site.  All  IPK  patients  received 
either  erlotinib  150  mg/day  or  placebo-controlled  tablets. 
Analyses  were  completed  using  validated  analytical  meth¬ 
odologies.  Non-compartmental  modeling  was  utilized  to 
estimate  PK  parameters.  Results  Complete  blood  sampling 
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for  pharmacokinetic  analysis  was  obtained  in  21  of  24 
patients.  Mean  AUCo-r  for  erlotinib  and  the  OSI-420 
metabolite  were  29,997  ng-h/mL  and  3,020  ng-h/mL, 
respectively.  Mean  (SD)  paclitaxel  clearances  (L/h/M2) 
were  11.7  (3.4)  and  12.7  (6.7)  in  the  placebo  and  erlotinib 
treatment  groups,  respectively.  The  resultant  paclitaxel 
AUCo-oo  (ng-h/mL)  was  18,400  (5,300)  for  the  placebo 
group  and  17,800  (5,500)  for  the  erlotinib  group.  For 
carboplatin,  the  mean  (SD)  clearances  (L/h)  were  16.8  (3.9) 
and  16.1  (4.4)  for  the  placebo  and  erlotinib  groups, 
respectively.  The  resultant  carboplatin  AUCo-oo  (ng/mL-h) 
were  49,900  (9,700)  for  the  placebo  group  and  48,400 
(11,900)  for  the  erlotinib  group.  No  significant  differences 
were  observed  in  these  paclitaxel  or  carboplatin  pharmaco¬ 
kinetic  group  comparisons.  Conclusions  The  addition  of 
erlotinib  to  a  standard  chemotherapy  regimen  for  NSCLC 
did  not  alter  the  systemic  exposures  (AUCo-oo)  of 
paclitaxel  (p= 0.80)  and  carboplatin  (/?= 0.756)  when 
erlotinib-treated  patients  were  compared  to  placebo-treated 
patients.  The  pharmacokinetics  of  erlotinib  and  its  metab¬ 
olite  OSI-420  did  not  appear  to  be  altered  by  the 
concomitant  administration  of  paclitaxel  and  carboplatin. 

Keywords  Erlotinib  ■  NSCLC  •  Lung  cancer  ■ 

EGFR  inhibitor  ■  Pharmacokinetics 


Introduction 

Erlotinib  (OSI-774,  Tarceva®,  Genentech,  Inc,  South  San 
Francisco,  CA  USA)  is  a  novel,  orally  bioavailable 
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inhibitor  of  tyrosine  kinase  with  potent  and  reversible 
binding  to  the  epidermal  growth  factor  receptor  (HER1/ 
EGFR)  [1],  Preclinical  studies  have  demonstrated  an 
additive  effect  when  erlotinib  is  combined  with  cytotoxic 
agents  including  paclitaxel  and  cisplatin  [2,  3],  Erlotinib 
has  demonstrated  activity  as  a  single  agent  in  patients  with 
advanced  NSCLC  [4,  5],  Recent  clinical  trials  with  the 
combination  of  erlotinib  and  various  chemotherapeutic 
agents  have  shown  promising  effects  [6,  7].  Specifically, 
results  from  a  phase  11  trial  studying  the  combination  of 
erlotinib  with  one  of  the  accepted  standard  chemotherapy 
doublets  consisting  of  paclitaxel  and  a  platinum  agent 
showed  durable  objective  responses  [6],  With  this  as  a  base, 
a  phase  III  randomized,  placebo-controlled  trial  of  paclitaxel 
and  carboplatin  with  or  without  erlotinib  in  chemotherapy- 
naive  patients  with  advanced  NSCLC  (TRIBUTE)  was 
conducted  in  several  institutions.  The  clinical  results  of  this 
study  have  been  reported  elsewhere  [8]. 

Erlotinib ’s  principal  metabolic  pathway  is  via  CYP3A4 
forming  several  metabolites  including  the  equipotent  active 
metabolite,  OSI-420  [9],  Since  both  paclitaxel  and  erlotinib 
utilize  CYP3A4  as  a  metabolic  pathway  [10,  11],  a  subset 
of  patients  was  enrolled  onto  an  intensive  pharmacokinetic 
(1PK)  substudy  to  determine  the  possible  drug-drug 
interactions  with  this  combination.  All  IPK  patients  received 
either  erlotinib  150  mg/day  or  placebo-controlled  tablets. 

Patients  and  methods 

Patient  eligibility 

Inclusion  required  histologically  documented  stage  IIIB  or 
stage  IV  NSCLC;  age  >18  years;  and  Eastern  Cooperative 
Oncology  Group  (ECOG)  performance  status  of  0  or  1. 
Exclusion  criteria  included  prior  systemic  chemotherapy  for 
NSCLC;  symptomatic  or  untreated  brain  metastases,  prior 
exposure  to  agents  directed  at  the  HER  axis;  unstable  systemic 
disease  that  would  potentially  preclude  chemotherapy  treat¬ 
ment  with  or  without  erlotinib;  inadequate  hematologic 
(granulocytes  <1.5/mL),  renal  (creatinine  >1.5X  upper  limit 
of  normal  [ULN]),  or  hepatic  function  (liver  function  tests  > 
2.5XULN).  EGFR  protein  expression  determination  (by  IHC 
methodology)  was  not  an  a  priori  condition  for  enrollment. 

All  patients  provided  informed  consent  which  was 
approved  from  the  ethics  committee  at  each  center.  The 
study  followed  the  Declaration  of  Helsinki  and  good 
clinical  practice  guidelines  [12]. 

Treatment  protocol  and  pharmacokinetic  sampling  strategy 

In  the  TRIBUTE  trial,  1079  previously  untreated  patients 
with  advanced  NSCLC  were  enrolled  and  randomized  to 


receive  either  erlotinib  or  placebo  in  combination  with 
paclitaxel  200  mg/IVU  administered  intravenously  over  3  h 
and  carboplatin  at  a  calculated  dose  to  provide  an  AUC= 
6  mgmin/mL  administered  intravenously  over  1  h.  To 
detennine  possible  drug-drug  interactions  with  this  combi¬ 
nation,  a  subset  of  24  randomized  patients  were  enrolled 
onto  an  IPK  substudy  at  the  University  of  Texas  M.D. 
Anderson  Cancer  Center  (12  erlotinib,  12  placebo).  All  IPK 
patients  provided  infonned  consent  separately  from  the 
main  clinical  study  to  participate  in  this  substudy  and  were 
randomized  to  receive  either  daily  oral  erlotinib  (150  mg) 
or  identical  placebo  tablets  concurrently  with  chemothera¬ 
py.  In  the  overall  phase  III  study  randomization  was 
stratified  by  disease  stage  (IIIB;  IV),  weight  loss  during 
the  previous  6  months  (<5%;  >5%),  tumor  measurability 
(measurable;  non-measurable),  and  treatment  center. 
Patients  received  a  maximum  of  six  cycles  of  paclitaxel 
and  carboplatin  every  3  weeks  in  the  absence  of  disease 
progression. 

The  pharmacokinetic  sampling  strategy  was  such  that  at 
cycle  1,  erlotinib  was  not  started  until  2  days  after 
administration  of  chemotherapy  to  allow  for  the  assessment 
of  paclitaxel  and  carboplatin  pharmacokinetics  in  the 
absence  of  erlotinib.  From  day  2  onward,  patients  were 
administered  erlotinib  on  a  daily  schedule  so  that  at  cycle  2 
steady-state  erlotinib  concentrations  would  be  achieved, 
based  on  previous  half-life  estimates  [4].  In  the  IPK 
substudy  concomitant  use  potent  inhibitors  or  inducers  of 
CYP4503A  drug  metabolism  enzymes  were  not  allowed. 

Pharmacokinetic,  bioanalytical,  and  statistical  methods 

Blood  collection  for  the  pharmacokinetic  study  of  erlotinib, 
paclitaxel  and  carboplatin  was  completed  with  the  schedule 
as  listed  on  Table  1.  For  isolation  of  plasma,  collected 
blood  samples  were  centrifuged  at  1500  RPM  for  10  min  at 
5°C.  For  the  analysis  of  carboplatin  plasma-ultrafiltrate 
(free  platinum),  an  additional  step  using  Centrifree®  micro¬ 
partition  device  (Millipore,  Massachusetts,  USA)  was  used 
to  obtain  an  ultrafiltrate  of  human  plasma.  All  processed 
samples  were  transferred  into  appropriately  labeled  vials 
and  stored  frozen  (-80°C)  until  analysis. 

All  drug  analyses  were  completed  by  a  contract  service 
(MDS  Pharma  Services,  St.  Laurent,  Quebec,  Canada) 
utilizing  appropriate  and  validated  assays  (on  file  at  MDS 
Pharma  Services,  St.  Laurent,  Quebec,  Canada).  For 
erlotinib,  sample  preparation  consisted  of  a  liquid-liquid 
extraction  method.  The  concentrations  of  erlotinib  and  OSI- 
420  in  plasma  were  determined  by  a  liquid  chromatography 
tandem  mass  spectrometry  (LC/MS/MS)  method.  The 
equally  active  demethylated  metabolites,  OSI-420  and 
OSI-413  were  reported  as  one  concentration  value  (OSI- 
420)  since  they  exist  as  isomers  and  cannot  be  individually 
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Table  1  IPK  blood  collection  schedule 


Drug  to  be  analyzed 

Drug  sampling  cycle 

Drug  sampling  time 

Erlotinib,  OSI-420 

Cycle  1 

Predose 

Cycle  2 

Predose  and  0.25,  0.5,  1,  2,  3,  4,  6,  8,  and  12  h  and  1,  2,  and  7  days  post  first  elotinib  dose 

Paclitaxel 

Cycle  1,  2 

Predose  and  0a,  0.25,  0.5,  0.75,  1,  2,  3,  5,  9,  21,  and  45  h  post  end  of  paclitaxel  infusion 

Carboplatin 

Cycle  1,  2 

Predose  and  0a,  0.25,  0.5,  1.5,  2.5,  4.5,  8.5,  and  20.5  h  post  end  of  carboplatin  infusion 

a  Blood  samples  taken  5  min  prior  to  end  of  infusion 


distinguished  using  this  analytical  method.  The  limit  of 
quantitation  (LOQ)  was  set  at  the  concentration  of  the 
lowest  non-zero  standard  (1  ng/mL  for  erlotinib  and 
0.998  ng/mL  for  OSI-420). 

A  solid  phase  extraction  method  was  utilized  to  isolate 
paclitaxel.  The  extracts  were  analyzed  using  a  LC/MS/MS 
method  with  an  assay  range  of  5.02-5022.86  ng/mL.  The 
LOQ  was  set  at  the  concentration  of  the  lowest  non-zero 
standard  (5.02  ng/mL).  Concentrations  of  carboplatin  in 
plasma  ultrafiltrates  were  analyzed  for  the  presence  of 
platinum  using  validated  flameless  atomic  absorption 
spectroscopy  (FAAS)  utilizing  a  graphite  furnace.  This 
method  detected  elemental  platinum  only  and  not  carbo¬ 
platin.  Thus,  all  of  the  values  calculated  from  the 
calibration  curve  were  converted  to  an  equal  molar  amount 
of  carboplatin.  The  assay  range  was  51.08-2247.32  ng/mL. 
The  LOQ  was  set  at  the  concentration  of  the  lowest  non¬ 
zero  standard,  51.08  ng  Pt/mL.  Pharmacokinetic  parameters 
for  erlotinib,  paclitaxel  and  carboplatin  were  estimated 
using  standard  non-compartmental  methods  (WinNonlin 
[version  3.1];  Pharsight  Corporation,  Mountain  View,  CA). 

The  IPK  study  was  designed  to  allow  comparison  of 
PK  parameters  between  patients  receiving  erlotinib  or 
placebo  in  combination  with  paclitaxel  and  carboplatin. 
To  assess  if  erlotinib  had  an  effect  on  the  pharmacokinetics  of 
paclitaxel  or  carboplatin,  the  parameters  between  the  two 
groups  were  compared  using  the  two-sample  rank  sum 
nonparametric  test  with  a  priori  level  of  significance  of 
P=.  05. 


Paclitaxel  blood  sampling  was  adequate  for  pharmaco¬ 
kinetic  analysis  in  21  of  24  patients.  Paclitaxel  pharmaco¬ 
kinetic  parameters  in  the  two  groups  of  patients,  those 
treated  with  erlotinib  or  placebo,  are  summarized  in  Table  3. 
No  differences  in  the  pharmacokinetics  of  paclitaxel  were 
observed  between  the  two  groups.  The  exposure  (  AUCo  -Xl 
[ng-h/mL])  of  paclitaxel  was  similar  in  the  erlotinib  and 
placebo-treated  patients,  with  mean  (SD)  values  of  18,400 
(5,300)  in  the  placebo-treated  group  and  17,800  (5,500)  in 
the  erlotinib-treated  group  (p= 0.886).  A  concentration-time 
plot  for  mean  (+/—  SE)  values  at  nominal  times  following 
the  end  of  paclitaxel  infusion  for  the  two  treatment  groups 
is  illustrated  in  Fig.  1.  These  results  suggest  erlotinib  does 
not  result  in  an  alteration  of  paclitaxel  phannacokinetics. 

Carboplatin  blood  sampling  was  adequate  to  allow  for 
pharmacokinetic  determinations  in  21  of  24  patients 
enrolled  in  the  substudy.  The  phannacokinetic  parameters 
of  carboplatin  in  the  two  groups  of  patients,  those  treated 
with  erlotinib  or  placebo  are  listed  in  Table  3.  There  were 
no  differences  between  the  two  group’s  drug  exposures. 
Overall,  AUCo_co  of  carboplatin  was  similar  between  the 
erlotinib  and  placebo-treated  patients,  with  mean  (SD) 
AUCo_oc  (ng-h/mL)  values  of  49,900  (9,700)  in  placebo- 
treated  patients  and  48,400  (11,900)  (ng-h/mL)  in  erlotinib- 
treated  patients  (p=  0.696).  There  was  a  trend  for  a  shorter 
ultrafilterable  carboplatin  1 14  in  the  erlotinib-treated 
patients.  A  concentration-time  plot  of  mean  (+/—  SE)  values 
at  nominal  times  following  the  end  of  carboplatin  infusion 
for  the  two  treatment  groups  is  illustrated  in  Fig.  2.  These 


Results 

Twenty-four  patients  (12  in  each  group,  erlotinib  and 
placebo)  consented  to  the  trial  and  participated  in  this  IPK 
sub-study;  the  characteristics  of  these  patients  are  listed  in 
Table  2.  Among  the  12  patients  in  the  erlotinib-treated 
group,  blood  samplings  were  adequate  for  pharmacokinetic 
analysis  in  nine  patients.  Two  patients  developed  acute 
hypersensitivity  reactions  to  paclitaxel  and  withdrew 
consent  for  further  blood  collection  for  pharmacokinetic 
analysis.  One  patient  withdrew  consent  to  have  any  blood 
collection  done  prior  to  start  of  therapy. 


Table  2  Patient  characteristics 


Characteristic 

Group  1  (n= 9) 

Erlotinib  +  Paclitaxel  + 
Carboplatin 

Group  2  («=12) 
Placebo  +  Paclitaxel  + 
Carboplatin 

Age  (years) 

Median  (Range) 

61  (38-69) 

59.5  (36-73) 

Gender  (M/F) 

9/1 

8/4 

PS  (ECOG) 

2/8 

4/8 

0/1 

PS  performance  status,  ECOG  Eastern  Cooperative  Oncology  Group 
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Table  3  Summary  of  the  pharmacokinetic  parameters  of  paclitaxel 


and  carboplatin  with  either  erlotinib 

or  placebo 

Group  1  (n= 9) 
Erlotinib  + 

Paclitaxel  + 
Carboplatin 

Group  2  (n= 12) 
Placebo  + 

Paclitaxel  + 
Carboplatin 

p  value 

Paclitaxel 

CL  (L/h/M2) 

12.7±6.7 

1 1.7±3.4 

0.696 

T1/2  (h) 

9.7±5.5 

12.3±1.7 

0.166 

Vd  (L/M2) 

72.5±29.2 

84.0±20.8 

0.166 

AUCq-oo 

17,800±5,500 

18,400±5,300 

0.886 

(ng-h/mL) 

Carboplatin 

CL  (L/h) 

16.1±4.4 

16.8±3.9 

0.644 

T1/2  (h) 

2.8±0.6 

3.3±0.3 

0.030 

Vd  (L) 

46. 9±  16.3 

53.3±14.5 

0.303 

AUCo-oo 

48,400±  11,900 

49,900±9,700 

0.696 

(ng-h/mL) 

Data  are  means 

i  ±  SD 

CL  clearance,  Tl/2  half-life,  Vd  volume  of  distribution,  AUCo^oo  area 
under  the  concentration-time  curve  from  time  0  to  infinity 

Carboplatin  was  measured  as  ultrafilterable  platinum  concentrations 


results  suggest  erlotinib  does  not  alter  the  pharmacokinetic 
behavior  of  carboplatin. 

Erlotinib  patients  had  received  a  minimum  of  2 1  (range 
21-22)  single  daily  doses  of  erlotinib  at  the  time  of  the 
pharmacokinetic  analysis  and  were  presumed  to  be  at 
steady  state  based  on  previous  reported  terminal  half-life 
estimates  of  approximately  1 8  h.  The  pharmacokinetic  data 
for  erlotinib  and  its  metabolite,  OSI-420,  are  summarized  in 
Table  4.  The  mean  (SD)  Cmax  for  erlotinib  and  OSI-420 


Fig.  1  Concentration-time  plot  for  paclitaxel  from  patients  in  the 
erlotinib  {closed  circle)-  and  placebo  {open  ci>cfe)-treatment  group 
(values  are  mean  ±  standard  error  of  the  mean) 


Time  (h) 

Fig.  2  Concentration-time  plot  for  carboplatin  from  patients  in  the 
erlotinib-  {closed  circle)  and  placebo  {open  circle)- treatment  group 
(values  are  mean  ±  standard  error  of  the  mean).  Carboplatin  was 
measured  as  ultrafilterable  platinum  concentrations 

were  1,703.6  (519.3)  ng/mL  and  130.9  (49.4)  ng/mL, 
respectively.  The  AUCo-T  estimates  were  29,997  (9,713) 
ng-h/mL  for  erlotinib  and  3,020  (1,293)  ng-h/mL  for  the 
metabolites.  The  mean  (SD)  AUCo_r  ratio  of  metabolites 
(OSI-420)  to  parent  was  0.10  (0.04)  and  the  mean  (SD) 
percentage  of  free  (non-protein  bound)  erlotinib  and  metab¬ 
olites  were  4.1  (0.6)  %  and  6.2  (0.5)  %,  respectively.  Figure  3 
depicts  the  concentration-time  profile  of  erlotinib  and  OSI- 
420  following  oral  administration  during  steady  state. 

The  non-hematologic  adverse  events  occurring  in  greater 
than  25%  of  patients  in  the  overall  phase  III  study  are  listed 
in  Table  5.  As  expected,  more  erlotinib-associated  adverse 
events  including  diarrhea  and  rashes  were  observed  in  the 
erlotinib-treated  group  versus  the  placebo-treated  group. 
The  incidence  of  anticipated  low  (grades  1 ,  2)  or  high  grade 
(grades  3,  4)  chemotherapy  related  toxicity,  such  as 
alopecia,  vomiting,  neutropenia,  or  peripheral  neuropathy, 
did  not  appear  to  be  exacerbated  by  erlotinib  treatment 
(Table  5). 


Table  4  Mean  erlotinib  and  OSI-420  pharmacokinetic  data  when 
administered  in  combination  with  paclitaxel  and  carboplatin 


No.  patients  =  9 

Cmax  (ng/ml) 

Tmax  (h) 

AUCo-r 

(ng-h/mL) 

Erlotinib 

1,703.6  (519.3) 

5.5  (3.8) 

29,997  (9,713) 

OSI-420 

130.9  (49.4) 

6.3  (3.8) 

3,020  (1,293) 

Data  are  means  with  SD  in  parentheses 

Cmax  maximum  observed  concentration  (ng/mL),  Tmax  time  to 
maximum  observed  concentration,  AUCo-r  area  under  the 
concentration-time  curve  from  time  0  to  Tau  (dosing  interval),  CL/ 
Fss  apparent  clearance  at  steady  state 
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Time  (day) 

Fig.  3  Concentration-time  plot  for  erlotinib  following  oral  administration 

Discussion 

The  pharmacokinetic  data  for  erlotinib  and  its’  major  active 
metabolite,  OS1-420  in  this  IPK  sub-study  are  similar  to 
those  previously  reported  in  a  phase  I  single  agent  study 
[5],  The  observed  median  (range)  AUCo-T  of  33,046 
(13,069-42,401)  ng-h/mL  was  similar  to  that  reported 
previously  (24,900  (8,660-67,000)  ng-h/mL)  in  a  Phase  1 
study.  These  results  suggest  that  the  concomitant  adminis¬ 
tration  of  carboplatin  or  paclitaxel  did  not  markedly  alter 
erlotinib  pharmacokinetics.  Additionally,  the  AUCo~r  ratio 
of  metabolite  to  erlotinib  to  the  primary  metabolite,  OSI- 


420,  observed  in  this  study  were  also  similar  to  that 
previously  reported,  suggesting  that  concomitant  adminis¬ 
tration  of  erlotinib  with  chemotherapy  did  not  markedly 
alter  the  metabolism  of  erlotinib. 

Since  paclitaxel  and  erlotinib  share  the  same  drug 
metabolism  enzyme,  CYP3A4,  there  is  a  theoretical 
potential  for  a  drug-drug  interaction.  In  this  study,  in  cycle 
1  patient  did  not  receive  erlotinib  until  two  days  following 
chemotherapy,  followed  by  continuous  daily  dosing  of 
erlotinib,  which  allowed  reaching  steady  state  concentra¬ 
tions  by  the  time  of  cycle  2.  This  design  allowed  study  of 
the  effect  of  erlotinib  on  the  pharmacokinetics  of  the 
chemotherapeutic  agents.  Concomitant  administration  of 
erlotinib  did  not  alter  the  behavior  of  carboplatin  and 
paclitaxel.  Although  we  observed  a  trend  for  a  decrease  in 
the  t'A  of  carboplatin  in  the  erlotinib-treated  group,  the 
effect  was  slight  and  the  AUC  was  not  altered.  The  reasons 
or  this  is  unknown  but  is  possibly  due  to  variability  in  the 
curvature  between  the  alpha  and  beta  phases  of  the 
concentration-time  profile  and  the  number  of  points 
describing  the  terminal  elimination  phase.  Of  note,  pacli¬ 
taxel  principal  metabolic  fate  is  not  CYP3A4  but  via 
CYP2C8  to  form  the  6a-OH  metabolite.  So  while  there  is  a 
potential  for  a  drug-drug  interaction,  the  likelihood  appears 
small  and  was  not  observed  in  this  study.  Similarly,  other 
investigators  have  also  reported  that  erlotinib  did  not  alter 
the  disposition  of  either  paclitaxel  or  docetaxel  in  two 
previous  phase  lb  combination  studies  [13,  14].  In  addition, 
our  results  are  similar  to  those  reported  in  a  phase  lb  study 
combining  erlotinib  with  carboplatin  and  paclitaxel  6).  In 
this  previous  study,  there  was  no  evidence  of  a  pharmaco- 


Table  5  Adverse  events  occur- 


ring  in  >25%  of  subjects 

Intensive  Safety  Population 

Placebo  (V=208) 

Erlotinib  (V=209) 

receiving  paclitaxel,  carboplatin 
with  erlotinib  or  placebo 

Adverse  events* 

Grade  1/2 

Grade  3/4 

Grade  1/2 

Grade  3/4 

Total 

203  (97.6%) 

157  (75.5%) 

204  (97.4%) 

164  (78.5%) 

Nausea 

111  (53.4%) 

12  (5.8%) 

120  (57.4%) 

8  (3.8%) 

Fatigue 

104  (50.0%) 

13  (6.3%) 

100  (47.8%) 

12  (5.7%) 

Alopecia 

118  (56.7%) 

0  (0.0%) 

103  (49.3%) 

1  (0.5%) 

Diarrhea  NOS 

70  (33.7%) 

10  (4.8%) 

116  (55.5%) 

26  (12.4%) 

Anemia  NOS 

74  (35.6%) 

13  (6.3%) 

92  (44.0%) 

16  (7.7%) 

Rash  NOS 

56  (26.9%) 

2  (1.0%) 

114  (54.5%) 

15  (7.2%) 

Constipation 

93  (44.7%) 

4  (1.9%) 

68  (32.5%) 

3  (1.4%) 

Vomiting  NOS 

65  (31.3%) 

10  (4.8%) 

64  (30.6%) 

10  (4.8%) 

Arthralgia 

64  (30.8%) 

8  (3.8%) 

66  (31.6%) 

6  (2.9%) 

Neutropenia 

22  (10.6%) 

47  (22.6%) 

27  (12.9%) 

46  (22.0%) 

Anorexia 

50  (24.0%) 

2  (1.0%) 

59  (28.2%) 

4  (1.9%) 

NOS  not  otherwise  specified, 

Dyspnea 

41  (19.7%) 

13  (6.3%) 

37  (17.7%) 

15  (7.2%) 

Intensive  Safety  Population:  a 

Cough 

46  (22.1%) 

0  (0.0%) 

54  (25.8%) 

1  (0.5%) 

subject  who  received  at  least 

Insomnia 

43  (20.7%) 

2  (1.0%) 

51  (24.4%) 

4  (1.9%) 

one  dose  of  study  drug  and  who 
is  in  complete  safety  collection 

Peripheral  neuropathy  NOS 

51  (24.5%) 

4  (1.9%) 

34  (16.3%) 

0  (0.0%) 
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kinetic  interaction  between  paclitaxel  and  erlotinib,  while  a 
small  (-11%)  but  statistically  significant  increase  in  AUC 
values  of  total  platinum  was  observed  during  erlotinib 
treatment.  These  findings  are  unlikely  to  bear  clinical 
relevance,  since  unbound  carboplatin  is  the  bioactive 
species  [10], 

The  degree  of  erlotinib  protein  binding  in  this  study  was 
similar  to  that  reported  previously  as  a  single  agent  [4]  and 
suggests  that  the  chemotherapeutic  agents  did  not  result  in  a 
plasma  protein-binding  displacement  interaction.  Such  an 
interaction  could  predispose  to  an  enhanced  toxicity; 
however,  this  was  not  observed  in  this  phase  111  trial. 
Table  5  lists  the  non-hematologic  adverse  events  occurring 
in  greater  than  25%  of  patients  in  the  overall  phase  III  study 
and  as  anticipated,  there  are  more  presumed  EGFR- 
associated  adverse  events  including  diarrhea  and  rashes 
observed  in  the  erlotinib-treated  group.  However,  theses 
frequencies  are  similar  to  those  reported  in  the  single  agent 
trials  [4,  14].  In  addition,  erlotinib  when  combined  with 
paclitaxel  and  carboplatin  does  not  result  in  an  increased 
incidence  in  anticipated  low  (grades  1,  2)  or  high  grade 
(grades  3,  4)  chemotherapy  related  toxicity,  such  as 
alopecia,  vomiting,  neutropenia,  or  peripheral  neuropathy. 

Although  this  Phase  III  study  did  not  allow  the 
assessment  of  erlotinib  PK  in  a  controlled  fashion  as  a 
single  agent,  exposure  and  free  concentrations  were  similar 
to  those  observed  of  historical  data.  In  addition  to  enhanced 
toxicity  as  a  result  of  increased  systemic  exposure,  toxicity 
could  also  result  from  an  enhanced  effect  in  the  absence  of 
increased  exposure.  However,  this  does  not  appear  to  be  the 
case  (Table  5). 

Randomized  controlled  trials  have  demonstrated  survival 
benefit  in  patients  treated  with  single  agent  erlotinib  in 
second  or  third  line  treatment  NSCLC  (BR.21  study)  or  in 
combination  with  gemcitabine  as  first  line  treatment  of 
advanced  pancreatic  adenocarcinoma  [14,  15].  Two  large 
phase  III  trials  (TRIBUTE,  TALENT)  of  erlotinib  in 
combination  with  platinum-based  chemotherapy  doublet 
showed  no  survival  benefit  [8,  16],  Our  pharmacokinetic 
substudy  suggests  the  lack  of  benefit  in  these  two  phase  III 
trials  are  unlikely  attributable  to  a  drug  interactions 
resulting  in  a  lower  systemic  exposure  to  the  chemothera¬ 
peutic  agents. 
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Factor-Binding  Protein-3  (IGFBP-3)  in  Epithelial 
IGF-Induced  Lung  Cancer  Development 
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The  IGF  axis  has  been  implicated  in  the  risk  of  various  cancers.  We  previously  reported  a  potential 
role  of  tissue-derived  IGF  in  lung  tumor  formation  and  progression.  However,  the  role  of  IGF- 
binding  protein  (IGFBP)-3,  a  major  IGFBP,  on  the  activity  of  tissue-driven  IGF  in  lung  cancer  devel¬ 
opment  is  largely  unknown.  Here,  we  show  that  IGF-I,  but  not  IGF-II,  protein  levels  in  non-small-cell 
lung  cancer  (NSCLC)  were  significantly  higher  than  those  in  normal  and  hyperplastic  bronchial 
epithelium.  We  found  that  IGF-I  and  IGFBP-3  levels  in  NSCLC  tissue  specimens  were  significantly 
correlated  with  phosphorylated  IGF-IR  (pIGF-IR)  expression.  We  investigated  the  impact  of  IGFBP-3 
expression  on  the  activity  of  tissue-driven  IGF-I  in  lung  cancer  development  using  mice  carrying 
lung-specific  human  IGF-I  transgene  ( Tg ),  a  germline-null  mutation  of  IGFBP-3,  or  both.  Compared 
with  wild-type  ( BP3+,+ )  mice,  mice  carrying  heterozygous  (BP3+,~)  or  homozygous  (BP3~'-)  de¬ 
letion  of  IGFBP-3  alleles  exhibited  decreases  in  circulating  IGFBP-3  and  IGF-I.  Unexpectedly,  IGF79 
mice  with  50%  of  physiological  IGFBP-3  (BP3+/~;  IGF79)  showed  higher  levels  of  pIGF-IR/IR  and  a 
greater  degree  of  spontaneous  or  tobacco  carcinogen  [4-(methylnitrosamino)-1-(3-pyridyl)-1-bu- 
tanonej-induced  lung  tumor  development  and  progression  than  did  the  /GPTg  mice  with  normal 
(BP3+/+;  /GPTg)  or  homozygous  deletion  of  IGFBP-3  (BP3~'-;  IGF79).  These  data  show  that  IGF-I  is 
overexpressed  in  NSCLC,  leading  to  activation  of  IGF-IR,  and  that  IGFBP-3,  depending  on  its  ex¬ 
pression  level,  either  inhibits  or  potentiates  IGF-I  actions  in  lung  carcinogenesis.  ( Endocrinology 
152:  2164-2173,  2011) 

The  IGF  play  a  pivotal  role  in  cell  proliferation,  survival, 
and  metabolism,  and  their  signaling  is  associated  with 
cancer,  because  it  is  required  for  cell  transformation.  IGF-I 
is  unique  among  cellular  growth  factors  in  being  synthe¬ 
sized  by  the  liver  and  peripheral  tissues,  thus  being  both  a 
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tissue  growth  factor  and  an  endocrine  hormone  ( 1-3 ) .  The 
IGF-I  receptor  (IGF-IR)  binds  to  both  IGF-I  and  IGF-II, 
and  activated  IGF-IR  transfers  the  activated  signal,  mainly 
through  phosphatidylinositol  3-kinase/ AKT  and  MAPK 
(2,  3).  The  IGF-II  receptor  binds  to  IGF-II  but  has  no  in- 

*  M.-J.  K.  and  H.M.  contributed  equally  to  this  research. 

Abbreviations:  hIGF-l,  Human  IGF-I;  IGFBP,  IGF-binding  protein;  IGF-IR,  IGF-I  receptor;  IHC, 
immunohistochemical;  mIGF,  murine  IGF;  NNK,  4-(methylnitrosamino)-1-(3-pyridyl)-1-bu- 
tanone;  NSCLC,  non-small-cell  lung  cancer;  pIGF-IR,  phosphorylated  IGF-IR;  TMA,  tissue 
microarray. 
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trinsic  tyrosine  kinase  activity.  Thus,  the  effects  of  IGF  are 
mediated  mainly  through  the  IGF-IR. 

Epidemiological  studies  have  found  that  a  high  serum 
level  of  IGF-I  is  a  risk  factor  for  several  types  of  cancer, 
including  lung  (4),  prostate  (5),  breast  (premenopausal) 
(6),  and  colon  cancers  (7).  However,  following  studies 
have  shown  inconsistent  findings  regarding  the  link  be¬ 
tween  the  serum  levels  of  IGF-I  and  lung  cancer  risk  (4,  8, 
9).  The  impact  of  the  serum  level  of  IGF-I  on  the  risk  of 
developing  lung  cancer,  therefore,  remains  ambiguous. 
We  have  recently  demonstrated  that  airway  lung  epithelial 
cells  produce  IGF  (IGF-I  and  -II)  in  an  autocrine  manner, 
leading  to  deregulation  of  IGF-IR  activation  (10).  Addi¬ 
tionally,  we  showed  that  lung-specific  overexpression  of 
IGF-I  in  mouse  promotes  lung  tumor  development  and 
progression,  which  is  accelerated  by  the  tobacco  carcino¬ 
gens  4-(methylnitrosamino)-l-(3-pyridyl)-l-butanone 
(NNK)  and  benzo[u]pyrene.  These  findings  indicate  the 
importance  of  peripheral  tissue-derived  IGF-I  in  lung  can¬ 
cer  development,  providing  an  explanation  for  the  appar¬ 
ent  inconsistent  findings  (4,  8,  9)  in  which  circulating  IGF 
were  mainly  analyzed. 

IGF  bioavailability  is  regulated  by  a  family  of  six  IGF- 
binding  proteins  (IGFBP),  of  which  IGFBP-3  is  the  major 
IGF  carrier  protein  in  the  serum  (11).  Previous  studies  have 
demonstrated  that  the  serum  IGF-I  level  in  mice  is  signif¬ 
icantly  reduced  when  IGFBP-3,  IGFBP-4,  and  IGFBP-5  are 
lost  (12),  and  reduced  levels  of  circulating  IGF-I  delay  the 
onset  of  mammary  tumor  formation  and  suppress  growth 
and  metastasis  of  colon  cancer  ( 13, 14).  In  another  murine 
model,  however,  prostate  tumor  development  was  sup¬ 
pressed  by  increased  levels  of  circulating  IGFBP-3  (15).  In 
addition  to  its  modulatory  effect  on  IGF  action,  IGFBP-3 
has  IGF-independent  antiproliferative  and  proapoptotic 
effects  (16).  These  findings  have  led  investigators  to  ques¬ 
tion  whether  IGFBP-3  plays  a  positive  or  negative  role  in 
IGF-promoted  tumor  development. 

The  association  between  high  plasma  levels  of  IGFBP-3 
and  reduced  lung  cancer  risk  was  reported  years  ago  (17). 
Recent  studies  have  also  demonstrated  that  inverse  cor¬ 
relation  between  circulating  IGFBP-3  and  lung  cancer  risk 
(8,  18).  However,  other  studies  showed  positive  correla¬ 
tion  between  IGFBP-3  level  and  lung  cancer  risk  (19). 
Therefore,  the  association  between  circulating  levels  of 
IGFBP-3  and  the  risk  of  lung  cancer  is  not  conclusive  yet. 

In  the  current  study,  we  determined  1 )  the  expression  of 
the  IGF-I  and  IGF-II  in  human  non-small-cell  lung  cancer 
(NSCLC)  and  adjacent  normal  tissues  and  correlated  that 
expression  with  the  activation  of  IGF-IR/IR,  2)  the  link 
between  IGFBP-3  expression  and  IGF-IR/IR  activation  in 
the  lungs,  and  3)  the  impact  of  IGFBP-3  expression  levels 
in  IGF-I-mediated  pathogenesis  of  spontaneous  and 


NNK-initiated  lung  carcinogenesis  by  using  tissue  mi¬ 
croarrays  (TMA)  of  human  NSCLC  and  a  mouse  model  of 
lung  carcinogenesis  composed  of  a  lung-specific  human 
IGF-I  transgene  (ZGFTg)  with  or  without  a  germline-null 
mutation  of  IGFBP-3.  The  data  described  herein  demon¬ 
strate  the  positive  and  negative  impacts  of  IGFBP-3  on 
IGF-IR  activation  in  tumor  development  and  progression. 

Materials  and  Methods 

Case  selection  and  TMA  construction 

Archived  formalin-fixed,  paraffin-embedded  normal/preneo- 
plastic  tissue  samples  and  tumor  samples  resected  from  patients 
with  NSCLC  were  obtained  from  the  previously  described  tissue 
bank  at  The  University  of  Texas  M.D.  Anderson  Cancer  Center 
(10).  Tissue  specimens  had  been  collected  between  1997  and 

2003  from  353  lung  tumors  (234  adenocarcinomas  and  119 
squamous  cell  carcinomas)  and  were  classified  according  to  the 

2004  World  Health  Organization  classification  system  (20). 

To  assess  the  immunohistochemical  (IHC)  expression  of 

IGF-I,  IGF-II,  and  phosphorylated  IGF-IR  (pIGF-IR)/IR  in  the 
early  pathogenesis  of  NSCLC,  we  studied  formalin-fixed,  par¬ 
affin-embedded  material  placed  in  TMA  from  52  normal  bron¬ 
chial  epithelia,  61  bronchial  hyperplasias,  and  32  squamous  dys¬ 
plasia  and  carcinomas  in  situ  as  well  as  52  normal  alveoli,  37 
atypical  adenomatous  hyperplasias,  and  four  cases  of  alveolar 
bronchiolization.  After  histological  examination,  TMA  were 
constructed  from  selected  NSCLC  specimens  by  obtaining  three 
1-mm-diameter  cores  from  each  tumor.  The  clinicopathological 
features  of  lung  cancer  cases  studied  are  shown  in  Supplemental 
Table  1  (published  on  The  Endocrine  Society’s  Journals  Online 
web  site  at  http://endo.endojournals.org). 

IHC  staining  and  evaluation  of  TMA 

IHC  staining  procedures  were  performed  as  described  previ¬ 
ously  (10).  Cytoplasmic  expression  was  blindly  analyzed  and 
quantified  by  two  independent  pathologists  (P.Y.  and  I.I.W.), 
who  were  also  unaware  of  the  patients’  outcomes,  using  a  four- 
value  scale  of  staining  intensity  (0,  1  +  ,  2  +  ,  and  3  +  )  and  a  per¬ 
centage  (0-100%)  for  extent  of  reactivity.  A  final  cytoplasmic 
expression  score  was  obtained  by  multiplying  the  intensity  and 
extent  of  reactivity  values  (range,  0-300).  Nuclear  expression 
was  quantified  on  a  range  of  0-100,  according  to  the  percentage 
of  positive  nuclei  among  all  tumor  or  epithelial  cells  present  in  the 
TMA  core  specimens.  The  antibodies  used  for  the  staining  were 
the  following:  IGF-I  (Santa  Cruz  Biotechnology,  Santa  Cruz, 
CA),  IGF-II  (Upstate/Millipore,  Billerica,  MA),  IGFBP-3  (Diag¬ 
nostic  Systems  Laboratories,  Webster,  TX),  and  pIGF-IR/IR  (In- 
vitrogen,  Carlsbad,  CA). 

Mice 

Mice  carrying  lung-specific  human  JGFTg  in  FVB/NJ  back¬ 
ground  were  described  previously  (10,  21).  Briefly,  JGFTg  mice 
convey  the  DNA  encoding  3.7  kb  of  human  surfactant  protein  C 
gene  promoter  region  followed  by  the  cDNA  of  human  IGF-I 
and  express  human  IGF-I  (hIGF-I)  in  alveolar  type  II  cells  of  lung, 
not  in  the  plasma.  Germline  mutant  IGFBP-3  mice  (12)  were  a 
gift  from  Dr.  John  Pintar  (Rutgers  University,  Piscataway,  NJ). 
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The  IGFBP-3  null  mutation  was  transferred  to  FVB/NJ- back¬ 
ground  mice  via  backcrossing  six  times.  Male  IGFBP-3  heterozy¬ 
gous  mutant  IGF  transgenic  {BP 3  +/~;IGFTe)  mice  were  mated  to 
female  IGFBP-3  heterozygous  (BP3+,~)  mice  to  produce  the  fol¬ 
lowing  six  genotypes:  BP3+/+,  BP3+'~,  BP3~'~,  BP3+,+ -,IGFTs, 
BP3+/~;IGFre,  and  BP3^'^-,IGFrs.  IGF  transgene  genotyping 
was  performed  as  previously  described  (10,  21).  An  IGFBP-3 
forward  primer,  an  IGFBP-3  reverse  primer,  and  a  Neo  reverse 
primer  (TGTCCTCACTCCTATCTGGGA,  ACTCCAGGGA- 
CTCTGGTCTTC,  and  T  CGGC  AGG  AGC  AAGGT  GAG  AT, 
respectively)  were  used  for  IGFBP-3  genotyping.  All  mouse 
maintenance  and  experiments  were  performed  according  to  a 
protocol  preapproved  by  M.D.  Anderson’s  Institutional  Animal 
Care  and  Use  Committee. 

Histology  and  IHC  of  mouse  lung  tissues 

At  age  14-15  months,  mice  were  euthanized  for  pathological 
examination  of  their  lungs.  Lung  tissue  specimens  were  fixed  in 
formalin,  dehydrated,  and  processed  for  embedding  in  paraffin. 
Every  20th  5-p.m  section  of  the  paraffin  blocks  (20  sections  total 
per  mouse)  was  evaluated  after  hematoxylin  and  eosin  staining 
by  two  pathologists  including  one  animal  pathologist.  Adenoma 
and  adenocarcinoma  were  diagnosed  according  to  histological 
criteria  described  previously  (10). 

Statistical  analysis 

Statistical  analysis  of  IGF-I,  IGF-II,  IGFBP-3,  and  pIGF-IR/IR 
expression  levels  was  performed  according  to  patient  baseline 
characteristics.  The  independent-samples  t  test  or  ANOVA  test 
were  used  to  compare  these  expressions  in  different  subgroups 
defined  by  categorical  variables.  Pearson  correlation  coefficient 
was  used  to  estimate  the  correlation  between  the  IGF-I/II  and 
pIGF-IR/IR  expression  scores.  The  Student’s  t  test  and  Fisher 
exact  test  were  performed  to  compare  the  lung  tumor  develop¬ 
ment  in  mice.  All  of  the  statistical  tests  performed  were  two  sided, 
and  P  values  £0.05  were  considered  statistically  significant.  If 
the  P  value  was  >0.05  but  <0.10,  we  considered  the  difference 
to  represent  a  trend  in  the  data  and  noted  this  trend.  All  analyses 
were  conducted  using  SAS  (SAS  Institute,  Cary,  NY)  or  SPSS 
(SPSS,  Chicago,  IL). 

ELISA 

Serum  levels  of  murine  IGF  (mIGF)  and  IGFBP-3  (mIGFBP-3) 
were  measured  by  using  a  sandwich  method  with  the  following 
antibodies:  antimouse  IGF-I,  biotinylated  antimouse  IGF-I,  an¬ 
timouse  IGFBP-3,  and  biotinylated  antimouse  IGFBP-3  (R&D 
Systems,  Minneapolis,  MN;  FAF02,  BAF791,  MAB775,  and 
BAF775,  respectively).  The  ELISA  plate  and  avidin/para-nitro- 
phenylphosphate  were  obtained  from  Corning  (Lowell,  MA) 
and  Invitrogen,  respectively.  The  sensitivities  of  the  ELISAs  were 
0.3  and  4  ng/ml  for  mIGF  and  mIGFBP-3,  respectively.  The  se¬ 
rum  IGF  was  extracted  by  using  a  standard  acid-ethanol  extrac¬ 
tion  method  (22).  No  cross-reactivity  between  hIGF  and  mIGF 
was  observed. 


Results 

IGF  axis  protein  expression  is  associated  with  lung 
cancer 

We  have  shown  overexpression  of  IGF  (IGF-I  and  -II) 
and  pIGF-IR/IR  in  human  preneoplastic  bronchial  epithe- 
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FIG.  1.  Expression  of  IGF-I,  IGF-II,  pIGF-IR,  and  IGFBP-3  in  specimens 
of  human  NSCLC.  Adenocarcinomas  (AC),  squamous  cell  carcinomas 
(SCC),  and  adjacent  normal  tissues  are  shown  after  IHC  staining. 


lial  lesions  and  in  lung  tumors  formed  in  mice  with  lung- 
specific  overexpression  of  IGF-I  (10),  suggesting  that  an 
increase  in  autocrine  IGF  level  and  subsequent  activation 
of  IGF-IR  are  common  events  in  the  early  stages  of  lung 
cancer  development.  These  findings  led  us  to  hypothesize 
that  tissue-derived  IGF  could  promote  progression  of  lung 
cancer.  To  test  the  hypothesis,  we  performed  IHC  analysis 
to  evaluate  expression  of  IGF  in  TMA,  which  were  com¬ 
posed  of  353  biopsy  specimens  of  lung  adenocarcinoma 
(n  =  234)  and  squamous  cell  carcinoma  (n  =  119)  and  the 
adjacent  normal  tissues.  A  summary  of  the  clinicopatho- 
logical  features  of  this  study  with  the  staining  is  described 
in  Supplemental  Table  1.  Consistent  with  previous  findings 
(10),  IGF-I  and  -II  staining  was  primarily  cytoplasmic 
(Fig.  1).  Although  IGF-I  staining  was  not  associated  with 
age,  sex,  or  race  of  the  patients  (Supplemental  Table  2), 
IGF-II  staining  was  associated  with  gender,  with  a  higher 
level  in  male  patients.  Interestingly,  the  expression  level  of 
IGF-I  was  significantly  higher  in  NSCLC  tissues  than  in 
normal  tissue  specimens,  whereas  IGF-II  staining  did  not 
show  such  difference  (Fig.  2A). 

To  assess  whether  the  increased  levels  of  IGF  were  as¬ 
sociated  with  activation  of  IGF-IR,  we  performed  IHC 
analysis  in  the  same  cohort  of  NSCLC  patients  using  an 
antibody  against  pIGF-IR/IR  (Tyr1131/Tyr1146);  staining 
appeared  in  the  cell  membrane  and / or  cytoplasm  in  3  5 .4  % 
of  the  specimens  (102  of  288  cases)  (Fig.  1).  Expressions 
of  IGF-I,  but  not  IGF-II,  were  significantly  correlated  with 
levels  of  pIGF-IR/IR  staining  in  the  membrane  suggests 
that  tissue-derived  IGF-I  could,  in  part,  account  for  acti¬ 
vation  of  IGF-IR/IR  in  NSCLC.  However,  the  correlation 
was  not  robust  (Fig.  2B),  suggesting  that  other  factors 
could  have  been  involved  in  the  regulation  of  IGF-IR/IR 
phosphorylation  in  NSCLC.  In  addition  to  the  well- 
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FIG.  2.  IGF-1  and  IGF-II  expression  and  IGF-IR  activation  in  NSCLC.  A, 
Expression  of  IGF-1  and  IGF-II  in  cancer  specimens  and  normal/ 
hyperplastic  lung  tissues;  B,  correlation  among  IGF-1,  IGF-II,  and  pIGF- 
IR/IR  expression  levels.  Positive  correlations  were  observed  between 
IGF-1  and  pIGF-IR/IR  but  not  between  IGF-II  and  pIGF-IR/IR.  n.s.,  Not 
significant;  R2,  Pearson's  coefficient. 


known  function  in  regulating  bioavailability  of  IGF, 
IGFBP-3  is  believed  to  potentiate  IGF-I-induced  signaling 
and  proliferative  activities  depending  on  cellular  context 
(23).  Flowever,  the  stimulatory  effects  of  IGFBP-3  has  re¬ 
mained  elusive  in  NSCLC.  Hence,  we  evaluated  IGFBP-3 
expression  in  the  same  specimens  and  assessed  correlation 
between  levels  of  staining  for  pIGF-IR/IR  and  IGFBP-3. 
We  observed  that  the  specimen  that  expresses  IGFBP-3  at 
the  highest  quartile  expresses  greater  pIGF-IR/IR  than  do 
the  specimens  at  first  or  second  to  third  quartile  (Fig.  3). 
This  result  suggests  a  possibility  that  high  expression  of 


IGFBP3 

FIG.  3.  Elevated  pIGF-IR/IR  expression  in  higher  IGFBP-3-expressing 
NSCLC  specimens.  The  box  plot  shows  pIGF-IR/IR  expression  levels 
among  266  cases  of  NSCLC.  The  specimen  with  the  highest  quartile 
expression  of  IGFBP-3  (n  =  66,  >75%)  showed  significantly  higher 
pIGF-IR/IR  expression  compared  with  the  specimen  with  the  lowest 
quartile  expression  of  IGFBP-3  (n  =  64,  <25%)  or  medium  expression 
of  IGFBP-3  (n  =  136,  25-75%).  The  boxes  represent  the  central  two 
quartiles  (first  and  third  quartiles),  and  the  bar  within  the  box 
represents  the  median  value  of  pIGF-IR/IR  staining. 


IGFBP-3  is  associated  functionally  with  activated  IGF- 
IR/IR  signaling  in  NSCLC. 

Circulating  IGF-1  level  is  dependent  on  level  of 
IGFBP-3  expression  but  does  not  determine  level 
of  IGF-IR  activation  in  peripheral  lung  tissues 

IGFBP-3  has  been  suggested  to  induce  both  inhibition 
and  potentiation  of  IGF  activity,  whereas  results  from  in 
vivo  studies  largely  support  the  concept  that  IGFBP-3  en¬ 
hances  IGF  activity  by  providing  a  stable  serum  reservoir 
of  bioactive  IGF-I  (16,  24).  Given  the  controversial  find¬ 
ings  on  the  impact  of  IGFBP-3  on  IGF  action  in  tumor 
development  (13-15),  we  decided  to  investigate  the  role  of 
IGFBP-3  in  lung  pathogenesis  promoted  by  tissue-derived 
IGF  in  a  more  defined  system  using  a  transgenic  mouse 
model.  To  this  end,  we  generated  mice  with  lung-specific 
IGF-I  overexpression  and  variable  levels  of  IGFBP-3  ex¬ 
pression.  The  breeding  scheme  and  nomenclature  of  the 
mice  in  this  study  are  shown  in  Fig.  4A.  Offspring  geno¬ 
types  occurred  at  expected  Mendelian  ratios;  the  offspring 
were  fertile  and  had  normal  growth  rates,  suggesting  that 
the  genetic  changes  did  not  alter  normal  development.  We 
first  determined  whether  germline  deletion  of  IGFBP-3 
resulted  in  changes  in  the  levels  of  IGFBP-3  and  IGF  in 
circulation.  A  mouse  IGFBP-3-specific  ELISA  showed  no 
detectable  levels  of  IGFBP-3  in  the  serum  of  BP3~  ~  and 
BP3~'~;IGFTs  mice  (Fig.  4B)  as  expected.  BP3+'~  and 
BP3+,~;IGFTs  mice,  which  lost  one  allele  of  the  IGFBP-3 
gene,  had  approximately  50%  lower  serum  levels  of 
IGFBP-3  than  wild-type  (BP3+/+)  mice.  A  mouse  IGF- 
specific  ELISA  revealed  that  the  serum  levels  of  mIGF-I  in 
BP 3  +/~  and  BP 3  mice  were  about  80  and  45  %  of  those 
in  the  BP3+/+  mice,  respectively,  regardless  of  the  lung- 
specific  expression  of  the  human  IGF-I  transgene  (Fig. 
3C).  The  serum  levels  of  hIGF-I  in  the  / GF  l  s  mice  were 
under  the  detection  limit  (6  ng/ml),  indicating  no  signifi¬ 
cant  hIGF-I  secretion  into  circulation  (data  not  shown). 
Thus,  we  had  six  cohorts  with  three  expression  levels  of 
systemic  IGF-I  and  IGFBP-3,  with  or  without  the  lung- 
specific  IGF-I  transgene,  as  summarized  in  Supplemental 
Table  3 .  We  examined  the  expression  levels  of  pIGF-IR/IR 
in  the  lungs  of  these  six  mice  groups.  IHC  staining  analysis 
of  pIGF-IR  and  IGF-IR  on  the  lung  tissues  revealed  that 
pIGF-IR  staining  levels  normalized  by  that  of  total 
IGF-IR  levels  in  the  BP3+/~;IGFTs  mice  group  were 
greatest  among  all  of  the  groups  (Supplemental  Fig.  1 
and  Fig.  4D ),  suggesting  the  partial  loss  of  IGFBP-3  was 
more  effective  in  activating  IGF-IR  than  was  the  com¬ 
plete  loss  of  IGFBP-3. 

Impact  of  variable  levels  of  IGFBP-3  on  the  effects 
of  tissue-derived  IGF-I  in  lung  tumor  development 

We  assessed  whether  changes  in  IGFBP-3  expression 
affect  lung  tumor  development  and  progression  in  7GFTg 
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FIG.  4.  The  status  of  IGF  and  IGFBP-3  concentrations  in  serum  and  IGF- 
IR/IR  activation  in  lungs  of  IGF  transgenic  and  /GFBP-3-null  mice.  A, 
Schematic  of  mating  strategy  used  to  get  mice  with  the  six  genotypes  of 
IGF  and  IGFBP-3 ;  n  =  4  in  each  group,  triplicate  samples.  B,  Expression 
level  of  IGFBP-3  in  serum.  *,  P  <  0.01;  **,  P<  0.001 .  C,  Circulating 
expression  levels  of  mIGF.  t,  P  <  0.01;  t,  P  <  0.001;  n  =  4  in  each  group, 
triplicate  samples.  D,  IFHC  analysis  of  total  IGF-IR  and  pIGF-IR  expression  on 
bronchial  epithelium.  Blindly  scored  expression  levels  of  pIGF-IR  i/s.  IGF-IR 
are  plotted  for  the  mice  genotypes.  Each  bar  represents  median,  quartile, 
and  range.  Student's  ttest  was  used  to  obtain  P  values  (§,  H,  §§,  P  <  0.05 
compared  with  BP3+/+,  BP3+/~;/GFTg,  and  BP3^JGFTg,  respectively); 
n  =  10  in  each  group.  WT,  Wild  type. 


mice.  Because  the  tumor  incidence  in  FVB-background 
mice  increases  with  age  (25),  we  ensured  that  the  mice  in 
each  group  were  comparable  in  age  at  the  time  of  analysis. 
Because  a  few  IGFTs  mice  develop  benign  tumors  (ade¬ 
noma)  at  over  1  yr  of  age  (10,  21),  we  evaluated  14-  to 
15-month-old  mice.  Gross  appearance  of  representative 
dissected  lungs  is  shown  in  the  left  panels  of  Fig.  5.  We 
were  able  to  find  several  small  lung  tumors  across  all  ge¬ 
notypes,  including  control  mice,  consistent  with  previous 
findings  in  age-matched  mice  with  FVB  background  (25). 
The  tumors  in  the  wild-type  mice  were  small  and  all  ad- 


FIG.  5.  Lung  tumor  development  in  IGFBP-3  mutant  and/or  /GFTg 
mice.  Profiles  of  spontaneous  lung  adenocarcinomas  from  14-  to  1 5- 
month-old  IGFBP-3  mutant  and/or  /GFTg  mice.  All  tumors  were 
histologically  evaluated  after  sectioning  and  hematoxylin  and  eosin 
staining.  Top  (BP3+/+),  Papillary  adenomas;  all  others, 
adenocarcinomas.  Magnification,  X4  (left panels),  X25  (middle 
panels),  and  X400  (right  panels).  Notable  are  the  invasive  cancer  cells 
in  BP3+/~;IGFJg  and  BP3~,~;IGFJg  mice.  Scale  bars,  3  mm  (left  panels), 
200  /j,m  (middle  panels),  and  100  (right  panels). 
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enomas  (Fig.  5,  top).  Tumors  larger  than  3  mm  in  diameter 
and  histological  feature  of  adenocarcinoma  were  observed 
only  in  mice  with  the  IGF  transgene  with  and  without  the 
IGFBP-3  deletion  mutation  (Fig.  5).  Intensive  quantitative 
and  pathological  microscopic  analysis  of  the  lungs  of  mice 
(n  =  305)  of  all  six  genotypes  (BP3+/+,  BP3+'~,  BP3~/~, 
BP3+/+;IGFTb,  BP3+/~;IGFTb,  and  BP3^~;IGFTb;  n  = 
49, 53, 46,  82, 34,  and  41,  respectively)  revealed  that  mice 
with  IGF-ITb  and/or  the  IGFBP-3  deletion  mutation  had 
a  greater  incidence  of  spontaneous  lung  tumors  than 
BP3+/+  mice  (Fig.  6A).  Furthermore,  BP3+,~;IGFrB mice 
showed  the  greatest  tumor  incidence  and  multiplicity  (Fig. 
6,  A  and  B)  than  any  of  the  other  genotypes.  Specifically, 
they  showed  a  significantly  greater  mean  tumor  multiplic¬ 
ity  than  did  BP3+/+;IGFTb  { P  <  0.05)  or  BP3~'~-,IGFre 
( P  <  0. 0 1 )  mice,  suggesting  that  IGF-I-induced  lung  tumor 
formation  is  enhanced  by  reduction,  but  not  complete  loss, 
of  IGFBP-3  expression.  To  assess  the  impact  of  IGFBP-3 
levels  on  IGF-I-promoted  lung  tumor  progression,  we  per¬ 
formed  histopathological  analysis  of  tumor  tissues  from 
mice  in  the  six  cohorts.  No  adenocarcinomas  were  ob¬ 
served  in  the  BP3+/+  mice,  whereas  mice  from  all  other 
groups  had  developed  adenocarcinomas  and  adenomas  at 
the  time  of  dissection.  Consistent  with  their  having  the  great¬ 
est  tumor  incidence  and  multiplicity,  the  BP3  +/~;IGFTb  mice 
exhibited  the  most  frequent  incidence  and  multiplicity  of  ad¬ 
enocarcinomas  (Fig.  5,  C  and  D). 

Impact  of  variable  levels  of  IGFBP-3  on 
adenocarcinoma  progression  in  mice  with 
lung-specific  IGF-I  overexpression 

Upon  finding  that  pIGF-IR  was  activated  by  tissue  IGF 
expression  or  loss  of  one  IGFBP-3  allele,  we  questioned 
whether  the  effect  of  IGF-IR  signaling  on  lung  cancer  is  at 
the  initiation  of  lung  carcinogenesis  or  at  progression  to 
lung  cancer.  To  address  this  question,  we  explored  the 
impact  of  changes  in  IGFBP-3  expression  on  lung  cancer 
development  initiated  by  the  tobacco  carcinogen  NNK. 
Mice  were  treated  with  NNK  (3  /rmol,  ip,  once  a  week  for 
7  wk)  from  8  months  of  age,  and  the  resulting  tumors  were 
examined  6  months  later  (Fig.  6).  The  incidence  of  neo¬ 
plastic  lesions  (hyperplasia,  adenoma,  and  adenocarci¬ 
noma)  reached  80-90%  and  did  not  differ  significantly 
among  the  six  genotypes  (Fig.  7 A).  The  NNK  exposure 
enhanced  lung  cancer  development  in  BP3+  BP3  , 
BP3+/~;IGFTg,  and  BP3~/~;IGFTb  mice;  NNK-treated 
mice  showed  about  2-  to  3-fold  increases  in  incidence  and 
multiplicity  of  adenocarcinomas  compared  with  un¬ 
treated  mice  (compare  Figs.  6  and  7).  In  contrast,  NNK- 
exposed  BP3+/+  and  BP3+,+  -,IGFTb  mice  showed  no  de¬ 
tectable  difference  in  tumor  progression  compared  with 
the  unexposed  mice.  Consistent  with  their  having  the 


WT 


IGFTg 


B 


BP3  +/+  +/-  -I-  +/+  +/-  -/- 


BP3  +/+  +/-  -I-  +/+  +/-  -I- 


WT 


IGFTg 


WT 


IGF79 


FIG.  6.  Expression  of  IGF  and  IGFBP-3  and  lung  tumor  development. 
A,  Incidence  (percentage)  of  tumor  [adenoma  plus  adenocarcinoma 
(AC)]  formation  per  mouse;  B,  multiplicity  of  tumors  per  mouse;  C, 
incidence  (percentage)  of  AC  formation  per  mouse;  D,  multiplicity  of 
AC  per  mouse.  The  Fisher  exact  test  (incidence)  and  Student's  f  test 
(multiplicity)  were  used  to  obtain  P  values,  t ,  P  <  0.05;  t,  P  <  0.01 
compared  with  BP3+/+ ;  *,  P  <  0.05;  **,  P  <  0.01  compared  with 
BP3+,+]IGFJg  or  BP3^'^-,IGFJg,  respectively.  P  values  >0.05  but  <0.1 
are  noted.  WT,  Wild  type. 


greatest  spontaneous  tumor  incidence  and  multiplicity  (Fig. 
6),  BP3+/~;IGFTb  mice  revealed  the  greatest  malignant  tu¬ 
mor  (adenocarcinoma)  development  than  did  any  other  ge¬ 
notype.  However,  the  difference  from  the  BP3~/~;IGFTs 
mice  did  not  reach  statistical  significance.  It  is  possible  that 
the  advantage  in  tumor  development  in  the  BP3  +/~;IGFTb 
mice  over  the  BP3~/~;IGFTb  mice  was  lost  in  the  NNK- 
induced  cancer  formation,  or  the  difference  was  simply 
because  the  size  of  the  experimental  group  was  not  big 
enough  to  reveal  the  difference  (total  88  in  the  NNK- 
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FIG.  7.  Expression  of  IGF  and  IGFBP-3  and  lung  tumor  promotion.  A, 
The  incidence  of  pathological  lesions  including  hyperplasia  (HP), 
adenomas  (AD),  and  adenocarcinomas  (AC)  in  mice  treated  with  NNK 
are  combined  and  shown  by  genotype;  B  and  C,  incidence 
(percentage)  (B)  and  multiplicity  (C)  of  AC  formation  per  mouse  (*,  P  < 
0.05;  P  values  >0.05  but  <0.1  are  noted);  D,  the  average  volume  of 
the  tumors.  The  Fisher  exact  test  (incidence)  and  Student's  f  test 
(multiplicity  and  average  tumor  volume)  were  used  to  obtain  P  values. 
(+,  P  <  0.05;  *,  P  <  0.01  compared  with  6P3+/+;  *,  P  <  0.05, 
compared  with  BP3+/+;/GFT9;  Pvalues  >0.05  but  <0.1  are  noted). 

WT,  Wild  type. 


treated  group  in  Fig.  7,  and  a  total  of  305  were  used  in  the 
spontaneous  tumor  group  in  Fig.  6). 

The  facts  that  IGF-IR  activation  was  strongest  and  the 
lung  tumor  development  and  progression  are  greatest  in 
the  BP3+,~;IGFTs  mice  (Figs.  4D,  6A,  and  7B)  clearly 
indicate  that  neither  high  level  of  expression  nor  complete 
depletion  of  IGFBP-3  promotes  activation  of  IGF-IR  and 
development  of  lung  cancer.  Notably,  average  tumor  vol¬ 
ume  did  not  show  a  significant  difference  among  the 


IGFTg,  BP3+/~;IGFTb,  and  BP3~^-,IGFTs  mice  (Fig.  7D), 
suggesting  that  reduced  levels  of  IGFBP-3  expression  are 
implicated  in  the  progression  but  not  the  growth  of  lung 
tumors. 


Discussion 

IGFBP-3  has  been  associated  with  both  inhibitory  and 
stimulating  activity  of  proliferation  and  apoptosis  in  a 
variety  of  human  cancer  cells  (26-32).  Several  in  vitro 
studies  have  noted  switches  of  IGFBP-3  bioactivity  from 
antiproliferative  to  proliferative  (33,  34)  or  from  proapo- 
ptotic  to  antiapoptotic  (35,  36).  Hence,  characterization 
of  IGFBP-3’s  impact  on  cell  proliferation  and  apoptosis  is 
an  area  of  active  research.  This  study  shows  in  vivo  evi¬ 
dence  that  IGFBP-3  can  have  stimulatory  or  inhibitory 
effects  on  IGF  bioactivity  and  tumor  formation  and  pro¬ 
gression  in  the  lung  depending  on  its  expression  level. 
Through  the  use  of  tumor  samples  from  patients  with 
NSCLC,  we  found  that  1 )  the  levels  of  tissue-derived  IGF -I 
significantly  correlated  with  pIGF-IR/IR  in  tumor  samples 
from  patients  with  NSCLC,  although  the  correlation  was 
not  robust,  and  2)  IGFBP-3  expression  levels  positively 
correlated  with  pIGF-IR/IR  expression.  Through  the  use 
of  lung-specific  IGF-I  transgenic  mice  (21)  in  which  ex¬ 
pression  of  IGFBP-3  was  suppressed  by  knocking  out  the 
IGFBP-3  genes,  we  further  demonstrated  that  IGFBP-3 
has  a  positive  and  a  negative  role  in  IGF-I  actions  and  lung 
carcinogenesis  depending  on  its  expression  level.  It  is  likely 
that,  if  expressed  at  physiological  levels,  IGFBP-3  binds  to 
IGF,  leading  to  suppression  of  IGF  actions  on  cell  prolif¬ 
eration.  When  expressed  at  the  decreased  levels,  IGF 
should  be  rapidly  released  from  IGFBP-3,  resulting  in 
activation  of  the  IGF-IR  pathway.  When  IGFBP-3  is 
completely  lost,  however,  IGF-I,  which  requires  IGFBP-3 
for  stability,  is  degraded  quickly,  leading  to  IGF-IR 
inactivation. 

Several  investigations  have  shown  the  importance  of 
IGF-IR  signaling  in  the  development  of  human  cancers.  A 
case-control  study  using  samples  from  lung  cancer  pa¬ 
tients  and  control  subjects  showed  that  high  plasma  levels 
of  IGF-I  were  associated  with  an  increased  risk  of  lung 
cancer  (4).  A  prospective  cohort  study,  however,  did  not 
support  the  importance  of  circulating  IGF-I  and  IGFBP-3 
in  lung  cancer  risk  (8,  9).  The  inconsistency  of  these  find¬ 
ings  could  be  due  to  the  fact  that  local  production  of  IGF 
was  not  considered  in  those  analyses.  Our  previous  and 
current  findings  show  that  1)  expression  of  IGF  and  an 
associated  activation  of  IGF-IR/IR  were  significantly  in¬ 
creased  in  human  bronchial  preneoplastic  (10)  and 
NSCLC  specimens  compared  with  normal  bronchial  tis- 
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sue  samples,  and  2)  lung  tumor  formation  and  progression 
is  increased  in  mice  with  lung-specific  IGFTg,  especially 
when  exposed  to  tobacco  carcinogens  (10). 

Because  tissue  IGF  bioactivity  is  regulated  in  large  part 
by  IGFBP-3,  IGFBP-3  has  been  expected  to  be  a  major 
determinant  of  IGF  action.  Indeed,  the  case-control  ret¬ 
rospective  and  prospective  studies  have  found  inverse  cor¬ 
relations  between  circulating  levels  of  IGFBP-3  and  the 
risk  of  developing  lung  cancer  (4,  8).  IGFBP-3  has  also 
been  shown  to  suppress  the  activity  of  IGF-I  at  the  tissue 
level  in  vitro  and  in  vivo  (37).  We  have  demonstrated  that 
overexpression  of  IGFBP-3  introduced  by  an  adenoviral 
vector  suppresses  IGF-IR  activation  and  induces  apoptosis 
in  NSCLC  cells  in  vitro  and  in  vivo  (26).  These  findings 
indicate  the  inhibitory  effects  of  IGFBP-3  on  the  action  of 
IGF-I  in  cancer.  However,  occasional  positive  correlation 
between  circulating  IGFBP-3  and  premenopausal  breast 
cancer  has  been  reported  (38,  39).  Furthermore,  there  is 
ample  evidence  for  high  expression  of  IGFBP-3  in  a  variety 
of  cancer  types,  including  breast,  prostate,  and  renal  can¬ 
cers  (40-43).  Moreover,  tumor  size  or  a  malignant  phe¬ 
notype  correlate  with  IGFBP-3  expression  levels  in  a  num¬ 
ber  of  cancers  (36,  40,  42,  44,  45).  These  controversial 
findings  could  have  been  due  to  the  complex  role  of 
IGFBP-3  in  IGF-I  action  (46,  47)  and  IGF-independent 
suppressive  effects  on  cell  growth  (48)  as  well  as  its  pro- 
cancerous  activity  regardless  of  its  role  in  regulating  bio¬ 
availability  of  IGF  (23,  49). 

In  the  present  study,  we  show  high  tissue  expression  of 
IGFBP-3  in  a  positive  correlation  with  pIGF-IR  level  in 
NSCLC,  suggesting  that  increased  levels  of  IGFBP-3  could 
be  implicated  in  the  activation  of  IGF-IR.  Because  the  an¬ 
tibody  we  used  for  the  human  TMA  for  pIGF-IR  detection 
recognizes  the  activated  form  of  both  IGF-IR  and  IR,  it  is 
possible  that  the  signaling  we  observed  includes  the  acti¬ 
vated  form  of  IR.  IGF-IR  and  IR,  which  form  heterodimers 
and  can  be  activated  by  IGF,  are  closely  related  in  structure 
(50)  and  function  (51-53).  Hence,  the  positive  correlation 
between  expression  levels  of  IGFBP-3  and  pIGF-IR/IR  in 
NSCLC  shown  in  the  current  study  suggests  that  increased 
levels  of  IGFBP-3  could  have  played  a  positive  role  in  ac¬ 
tivation  of  the  IGF  signaling  pathway. 

To  determine  the  actual  impact  of  IGFBP-3  expression 
on  the  bioactivity  of  IGF-I  and  lung  tumorigenesis,  we 
established  a  mouse  model  with  various  levels  of  IGFBP-3 
expression  (normal,  reduced,  and  absent)  by  mating 
IGFTb  mice  (21)  with  IGFBP-3  knockout  mice.  We  ob¬ 
served  that  50%  (BP3+,~)  or  complete  loss  (BP3^'~)  of 
IGFBP-3  expression  led  to  reduction  in  serum  level  of 
IGF-I  by  about  19-23  or  54-58%,  respectively.  Given 
that  80%  of  circulating  IGF  bind  to  IGFBP-3  (16),  de¬ 
creases  of  less  than  60%  in  the  level  of  circulating  IGF-I  in 


the  BP 3  mice  indicated  possible  compensation  by 

other  IGFBP  family  members.  However,  we  were  not  able 
to  detect  any  compensatory  increase  of  IGFBP,  including 
IGFBP -2  and  -4,  in  BP3+/~  and  BP3~I~  mice  (data  not 
shown).  Nevertheless,  given  a  previous  finding  of  signif¬ 
icantly  delayed  carcinogenesis/cancer  cell  growth  in  liver- 
specific  IGF-null  mice  (13),  which  had  only  10-25%  of 
the  normal  serum  IGF  level,  we  expected  that  the  19-58% 
reduction  in  the  level  of  circulating  IGF-I  would  suppress 
lung  cancer  development.  However,  the  mice  with  reduced 
or  loss  of  IGFBP-3  expression  (BP3+/~,  BP3~'~)  had  ob¬ 
viously  greater  overall  tumor  incidence  and  multiplicity 
than  in  the  wild-type  mice  (BP3+/+)  mice.  These  results, 
which  contradict  previous  reports  showing  a  positive  cor¬ 
relation  between  circulating  IGF-I  and  cancer  develop¬ 
ment  (54),  indicate  the  importance  of  tissue-derived 
(rather  than  serum)  IGF-I  in  its  bioavailability  in  lung  ep¬ 
ithelial  cells  during  the  process  of  lung  tumor  formation. 
The  increased  tumor  incidence  in  BP3+/~  and  BP3^'~ 
mice  compared  with  that  in  BP3+/+  mice  could  have  re¬ 
sulted  from  the  decrease  or  loss  of  IGFBP-3 ’s  IGF-I-inde- 
pendent  antiproliferative  activity,  but  the  greater  tumor 
development  and  progression  in  BP3+/~  mice  than  in 
BP3  mice  does  not  support  that  notion.  Our  observa¬ 
tions,  including  1 )  the  increased  tumor  incidence  and  mul¬ 
tiplicity  in  BP3+/ ~  mice,  especially  when  IGF-I  was  over¬ 
expressed  in  the  lung,  and  2)  the  accelerated  tumor 
progression  in  BP3+/~;IGFTb  mice  compared  with  BP3+/ 
+;IGFTs  mice  or  BP3~/~;IGFTb  mice  provide  novel  in  vivo 
evidence  that  support  a  significant  role  for  IGFBP-3  in 
potentiating  IGF  action. 

The  accelerated  tumor  progression  in  BP3+,~;IGFTs 
mice  could  have  resulted  simply  from  accelerated  trans¬ 
formation  of  lung  epithelial  cells  and/or  enhanced  initia¬ 
tion  and  promotion  of  lung  tumors  owing  to  activation  of 
IGF-IR.  However,  BP3+/~;IGFTb  mice  had  the  greater 
multiplicity  of  adenocarcinomas  with  local  invasion  than 
did  BP3+/+;IGFTb  mice  or  BP3~/~;IGFTs  mice  after  lung 
tumor  initiation  was  synchronized  by  NNK  injection. 
These  findings  strongly  imply  a  role  of  IGFBP-3  in  both 
lung  tumor  formation  and  progression.  The  advanced 
pathogenesis  in  BP3+/~;IGFTg  mice  can  be  explained  by 
increased  net  tissue  bioavailability  of  IGF-I  regardless  of 
the  loss  of  circulating  IGF-I  as  a  benefit  from  partial  de¬ 
pletion  of  tissue  levels  of  IGFBP-3.  Supporting  this  hy¬ 
pothesis  is  our  finding  that  BP3+/~;IGFTb  mice  had 
greater  IGF-IR  activation  than  did  BP3+/+;IGFTb  mice. 
However,  the  more  severe  phenotype  and  the  greater 
IGF-IR  activation  in  BP3+/~;IGFTb  mice  than  in  BP3 
IGFTb  mice  supports  the  protective  role  of  IGFBP-3  in  IGF 
action;  e.g.  the  complete  loss  of  IGFBP-3  could  have  re¬ 
sulted  in  the  suppression  of  IGF  signaling.  These  results 
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emphasize  the  critical  function  of  IGFBP-3  as  a  reservoir 
for  IGF  bioactivity  as  suggested  by  the  previous  reports  in 
certain  contexts  (16,  24).  Another  possible  explanation  is 
that  IGFBP-3  mediates  procancer  activity  through  un¬ 
known  novel  mechanisms  independent  of  its  modulation 
of  IGF  signaling.  Indeed,  IGFBP-3  directly  interacts  with 
the  integrin  or  caveolin  and  propagates  the  mitotic  sig¬ 
nal  downstream  (49).  Nevertheless,  these  findings  sug¬ 
gest  that  IGFBP-3  can  either  suppress  or  enhance  lung 
tumor  formation  and  progression  depending  on  the 
level  of  expression. 

In  summary,  our  findings  using  human  patient  tumor 
specimens  and  an  in  vivo  mouse  system  demonstrate  that 
1 )  expression  of  IGF-I  is  higher  in  NSCLC  than  in  normal 
tissue,  2)  lung  tumor  development  and  progression  are 
mainly  regulated  by  levels  of  tissue-derived  IGF-I  but  not 
circulating  IGF-I,  3)  decreased  but  not  completely  absent 
expression  of  IGFBP-3  elevates  local  availability  of 
IGF-I  in  lung  tissue  and  increases  the  risk  of  lung  cancer, 
and  4)  IGFBP-3  may  not  only  suppress  but  also  enhance 
IGF-I  actions  on  and  risk  of  developing  lung  cancer.  In 
light  of  these  issues,  further  studies  with  liver-  and  lung- 
specific  IGFBP-3-null  mice  are  warranted  to  confirm  the 
role  of  IGFBP-3  in  lung  cancer  development.  Our  find¬ 
ings  also  indicate  that  attempts  to  modulate  serum  or 
tissue  levels  of  IGFBP-3  in  cancer  therapy  must  be  ap¬ 
proached  with  caution. 
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Efficacy  of  bevacizumab  plus  erlotinib  versus  erlotinib  alone 
in  advanced  non-small-cell  lung  cancer  after  failure  of 
standard  first-line  chemotherapy  (BeTa):  a  double-blind, 
placebo-controlled,  phase  3  trial 
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Paula  O'Connor,  John  Hainsworth 


Summary 

Background  Bevacizumab  and  erlotinib  target  different  tumour  growth  pathways  with  little  overlap  in  their  toxic- 
effect  profiles.  On  the  basis  of  promising  results  from  a  phase  1/2  trial  assessing  safety  and  activity  of  erlotinib  plus 
bevacizumab  for  recurrent  or  refractory  non-small-cell  lung  cancer  (NSCLC),  we  aimed  to  assess  efficacy  and  safety  of 
this  combination  in  a  phase  3  trial. 


Methods  In  our  double-blind,  placebo-controlled,  randomised  phase  3  trial  (BeTa),  we  enrolled  patients  with  recurrent 
or  refractory  NSCLC  who  presented  to  177  study  sites  in  12  countries  after  failure  of  first-line  treatment.  Patients  were 
randomly  allocated  in  a  one-to-one  ratio  to  receive  erlotinib  plus  bevacizumab  (bevacizumab  group)  or  erlotinib  plus 
placebo  (control  group)  according  to  a  computer-generated  randomisation  sequence  by  use  of  an  interactive  voice 
response  system.  The  primary  endpoint  was  overall  survival  in  all  enrolled  patients.  Patients,  study  staff,  and 
investigators  were  masked  to  treatment  assignment.  We  assessed  safety  by  calculation  of  incidence  of  adverse  events 
and  tissue  was  collected  for  biomarker  analyses.  This  trial  is  registered  with  ClinicalTrials.gov,  number  NCT00130728. 

Findings  Overall  survival  did  not  differ  between  317  controls  and  319  patients  in  the  bevacizumab  group  (hazard  ratio 
[HR]  0  ■  97,  95%  Cl  0  •  80-1  •  18,  p=0  ■  7583).  Median  overall  survival  was  9  •  3  months  (IQR  4  •  1-21  ■  6)  for  patients  in  the 
bevacizumab  group  compared  with  9-2  months  (3-8-20-2)  for  controls.  Progression-free  survival  seemed  to  be 
longer  in  the  bevacizumab  group  (3  •  4  months  [1  ■  4-8  •  4])  than  in  the  control  group  (1  •  7  months  [1  ■  3-4  •  1];  HR  0  •  62, 
95%  Cl  0  •  52-0  ■  75)  and  objective  response  rate  suggested  some  clinical  activity  of  bevacizumab  and  erlotinib. 
However,  these  secondary  endpoint  differences  could  not  be  defined  as  significant  because  the  study  prespecified 
that  the  primary  endpoint  had  to  be  significant  before  testing  of  secondary  endpoints  could  be  done,  to  control  type  I 
error  rate.  In  the  bevacizumab  group,  130  (42%)  of  313  patients  with  safety  data  had  a  serious  adverse  event,  compared 
with  114  (36%)  controls.  There  were  20  (6%)  grade  5  adverse  events,  including  two  arterial  thromboembolic  events, 
in  the  bevacizumab  group,  and  14  (4%)  in  the  control  group. 

Interpretation  Addition  of  bevacizumab  to  erlotinib  does  not  improve  survival  in  patients  with  recurrent  or 
refractory  NSCLC. 


Funding  Genentech. 

Introduction 

Lung  cancer  is  the  leading  cause  of  cancer-related  deaths 
worldwide.1 3 1  ■  5  million  people  were  diagnosed  with  the 
disease  in  2008  and  more  than  1-3  million  died.1  Non¬ 
small-cell  lung  cancers  (NSCLCs)  account  for  more  than 
85%  of  all  lung  cancers;1  about  75%  of  patients  with 
NSCLC  present  with  advanced-stage  (unresectable  or 
metastatic)  disease. 

Erlotinib  is  a  small-molecule  inhibitor  of  the  epidermal 
growth  factor  receptor  (EGFR),  a  tyrosine  kinase  receptor,4-5 
which  is  approved  by  the  U  S  Food  and  Drug  Administration 
for  treatment  of  patients  with  locally  advanced  or  metastatic 
NSCLC  whose  disease  has  not  responded  to  more  than  one 
previous  chemotherapy  regimen.4,5  A  phase  3  study5  showed 
that  second-line  or  third-line  monotherapy  with  erlotinib 
improved  overall  survival  in  patients  with  NSCLC. 


The  recombinant,  anti-vascular  endothelial  growth 
factor  (anti-VEGF)  monoclonal  antibody  bevacizumab, 
combined  with  paclitaxel  and  carboplatin,  was  approved 
by  the  US  Food  and  Drug  Administration  for  first-line 
treatment  of  patients  with  unresectable,  locally  advanced, 
recurrent,  or  metastatic  non-squamous  NSCLC.6  A  phase 
3  study  showed  this  combination  significantly  improved 
overall  survival  and  progression-free  survival  in  patients 
with  NSCLC  compared  with  carboplatin  and  paclitaxel 
alone.7-8  Another  phase  3  trial’  showed  that  the  addition 
of  bevacizumab  to  cisplatin  and  gemcitabine  improved 
progression-free  survival  and  objective  responses  rates 
for  first-line  treatment  of  non-squamous  NSCLC; 
however,  overall  survival  was  not  improved. 

Bevacizumab  and  erlotinib  target  different  tumour 
growth  pathways  (angiogenesis  and  EGFR  activity, 
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respectively)  with  little  overlap  in  their  toxic-effect 
profiles.  These  two  drugs  have  potentially  complementary 
mechanisms  to  control  tumour  growth.10-14 

The  safety  and  activity  of  combination  erlotinib- 
bevacizumab  were  assessed  in  a  phase  1/2  trial15  for 
patients  with  relapsed  and  refractory  non-squamous 
NSCLC.  The  combination  dose  was  established  at 
15  mg/kg  bevacizumab  once  every  3  weeks  and  150  mg 
erlotinib  once  per  day.  The  objective  response  rate  in 
34  patients  in  phase  2  was  20%,  disease-control  rate  was 
85%,  and  median  overall  survival  was  12  •  6  months.15 

In  a  multicentre  phase  2  trial16  of  patients  with  relapsed 
and  refractory  non-squamous  NSCLC  who  were  randomly 
allocated  to  receive  erlotinib  plus  bevacizumab, 
bevacizumab  and  chemotherapy,  or  chemotherapy  alone, 
median  overall  survival  was  better  in  the  groups  that 
received  bevacizumab  (13-7  months  for  erlotinib  plus 
bevacizumab  and  12-6  months  for  bevacizumab  and 
chemotherapy)  than  it  was  with  chemotherapy  alone 
(8-6  months);  safety  data  favoured  the  erlotinib  plus 
bevacizumab  group. 

In  this  phase  3  trial,  we  aimed  to  further  assess  the 
efficacy  of  bevacizumab  in  combination  with  erlotinib 
compared  with  erlotinib  and  placebo  in  patients  with 
recurrent  or  refractory  advanced-stage  NSCLC  who  had 
disease  progression  during  or  after  first-line  therapy. 

Methods 

Study  design  and  participants 

In  our  international,  double-blind,  placebo-controlled 
phase  3  trial  (BeTa),  we  enrolled  patients  who  presented 
to  177  study  sites  in  12  countries  with  cytologically  or 
histologically  confirmed  advanced-stage  NSCLC  that  was 
recurrent  or  refractory  after  standard  first-line 
chemotherapy  or  chemoradiotherapy.  Patients  were 
eligible  if  they  were  aged  18  years  or  older  and  had 
Eastern  Cooperative  Oncology  Group  performance  status 
scores  of  2  or  lower.  Patients  with  squamous  cell 
carcinoma  were  eligible  if  their  disease  was  extrathoracic 
or  if  intrathoracic  lesions  were  peripheral.  Patients  with  a 
history  of  brain  metastases  who  were  treated  with  a 
minimum  of  whole-brain  radiotherapy  and  with  no 
ongoing  dexamethasone  requirement,  patients  requiring 
anticoagulation  (low-molecular- weight  heparins  only), 
and  patients  who  had  received  neoadjuvant  and  adjuvant 
therapy  for  stage  I— Ilia  disease  were  also  eligible. 

Patients  were  ineligible  for  inclusion  if  they  had  had  a 
myocardial  infarction  within  the  previous  6  months, 
unstable  angina,  congestive  heart  failure,  symptomatic 
arrhythmia,  substantial  peripheral  vascular  disease, 
uncontrolled  hypertension,  history  of  gross  haemoptysis, 
presence  of  a  cavitary  lesion  or  tumour  invading  or 
abutting  major  blood  vessels,  bleeding  diathesis  or 
coagulopathy,  abnormal  haematological  values,  abnormal 
liver  function  tests,  used  warfarin  or  equivalents,  used 
aspirin  or  non-steroidal  anti-inflammatory  drugs,  a 
surgical  procedure  on-study  or  within  28  days  before 


randomisation,  previous  treatment  with  anti-EGFR  or 
anti-angiogenesis  agents,  another  invasive  cancer  within 
5  years  before  randomisation,  neurosurgery  for  brain 
metastases  within  6  months  of  day  0,  and  brain  biopsy 
within  3  months  of  day  0. 

All  enrolled  patients  provided  signed  informed  consent 
and  consented  to  analysis  of  archival  diagnostic  tissue  if 
available.  Institutional  review  board  approval  was 
obtained  at  every  study  site. 

Randomisation  and  masking 

Patients  were  randomly  allocated  in  a  one-to-one  ratio  to 
receive  erlotinib  plus  bevacizumab  (bevacizumab  group) 
or  erlotinib  plus  placebo  (control  group)  by  use  of  an 
interactive  voice-response  system  with  a  computer¬ 
generated  allocation  sequence.  Staff  at  Genentech  (South 
San  Fransisco,  CA,  USA),  investigators,  and  patients  were 
masked  to  treatment  assignment.  Patients  were  stratified 
by  sex,  baseline  Eastern  Cooperative  Oncology  Group 
performance  status  score  (0  or  1  vs  2),  smoking  history 
(never  vs  current  or  previous),  and  study  site.  Unmasked 
adverse  events  data  were  provided  every  month  to  an 
independent  data  and  safety  monitoring  board. 

Procedures 

Patients  received  placebo  or  bevacizumab  administered 
at  15  mg/kg  by  intravenous  infusion  on  the  first  day  of 
3-week  cycles  (±4  days).  Erlotinib  was  taken  orally  at 
150  mg  per  day,  beginning  on  the  first  day  of  the  first 
cycle.  Patients  remained  on  treatment  until  there  was 
documented  evidence  of  radiographic  or  clinical  disease 


Figure  1: Trial  profile 

*This  patient  was  analysed  as  part  of  the  bevacizumab  group  for  safety  analyses.  tThis  patient  was  analysed  as  part 
of  the  control  group  for  safety  analyses. 
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progression  or  unmanageable  toxic  effects.  If  toxic  effects 
were  caused  by  bevacizumab,  patients  could  continue  on 
erlotinib  until  disease  progression  or  unmanageable 
toxic  effects.  Patients  who  discontinued  erlotinib  received 
no  further  study  treatment.  Subsequent  therapy  was 
provided  at  the  treating  doctor’s  discretion.  All  patients 
were  followed-up  for  survival  until  death,  loss  to  follow¬ 
up,  or  study  termination  by  the  sponsor,  whichever 
occurred  first. 


Control  group  (n=317)  Bevacizumab  group  (n=319) 


Sex 


Men 

Women 

170  (54%) 

147  (46%) 

171  (54%) 

148  (46%) 

Age,  years 

65-0  (10-3) 

64-8  (10-4) 

Race 

White 

257 (81%) 

264  (83%) 

Black 

33  (10%) 

21(7%) 

Asian/Pacific  islander 

18  (6%) 

23  (7%) 

Hispanic 

8  (3%) 

10  (3%) 

American  Indian/Alaskan  native 

1  (<1%) 

0 

Other 

0 

1  (<1%) 

Smoking  history 

Never 

33  (10%) 

34  (n%) 

Previous 

212  (67%) 

237  (74%) 

Current 

72  (23%) 

48  (15%) 

ECOG  performance  status  score 

0 

121/317  (38%) 

129/318  (41%) 

1 

176/317  (56%) 

166/318  (52%) 

2 

20/317  (6%) 

23/318  (7%) 

Time  since  initial  diagnosis 

<6  months 

78/312  (25%) 

77/313  (25%) 

6-12  months 

122/312  (39%) 

120/313  (38%) 

>12  months 

112/312  (36%) 

116/313  (37%) 

Histology 

Large-cell  carcinoma 

25  (8%) 

23(7%) 

Adenocarcinoma 

235  (74%) 

242  (76%) 

Squamous 

17(5%) 

11  (3%) 

Other* 

40  (13%) 

43  (13%) 

Patients  with  treated  brain  metastases 

30  (9%) 

38  (12%) 

EGFR  status 

FISH  positive 

43/102  (42%) 

33/102  (32%) 

FISH  negative 

59/102  (58%) 

69/102  (68%) 

IHC  positive 

119/161(74%) 

135/184(73%) 

IHC  negative 

42/161  (26%) 

49/184(27%) 

EGFR  mutant 

18/170  (11%) 

12/185  (6%) 

EGFR  wild-type 

152/170  (89%) 

173/185  (94%) 

Kras  mutation  status 

Mutant 

38/178  (21%) 

48/190  (25%) 

Wild-type 

140/178  (79%) 

142/190  (75%) 

Data  are  n  (%),  mean  (SD),  or  n/n  with  assessable  tissue  and  test  results  (%).  ECOG=Eastern  Cooperative  Oncology 
Group.  EGFR=epidermal  growth  factor  receptor.  FISH=fluorescence  in-situ  hybridisation.  IFIC=immunohistochemistry. 
‘Includes  bronchoalveolar  carcinoma  and  tumours  defined  as  not  otherwise  specified  or  other. 


Table  1:  Demographics  and  baseline  characteristics,  including  biomarkers 


We  undertook  clinical  and  laboratory  assessments  at 
baseline  and  every  6  weeks  to  week  24,  and  every  12  weeks 
thereafter.  Tumour  responses  were  investigator-assessed 
according  to  Response  Evaluation  Criteria  in  Solid 
Tumours  (RECIST)  l.O.17 

Adverse  events  were  graded  according  to  US  National 
Cancer  Institute  Common  Toxicity  Criteria  for  Adverse 
Events  version  3.0.  Patients  were  assessed  for  all  grades 
of  adverse  events,  serious  adverse  events  (including 
grade  >3  pulmonary  haemorrhage  or  grade  >2 
symptomatic  central  nervous  system  haemorrhage),  and 
adverse  events  requiring  study-drug  interruption  or 
discontinuation. 

At  study  entry,  tumour  biopsy  material  was  requested 
from  patients  to  assess  EGFR  and  Kras  expression. 
Archival  tumour  tissue  samples  were  collected  with 
accompanying  pathology  reports.  For  those  patients  with 
data  for  biomarker  expression,  we  did  EGFR  fluorescence 
in-situ  hybridisation  (FISH)  analyses  with  a  PathVysion 
kit  (Abbott  Molecular,  Des  Plaines,  IL,  USA).  High  EGFR 
copy  number  was  defined  as  high  polysomy  (>4  gene 
copies  in  >40%  of  cells)  or  amplification  (>2  genes  or 
chromosomes  or  >15  gene  copies  in  >10%  of  cells). 
Immunohistochemical  analysis  of  EGFR  was  done  with 
PharmDx  kits  (DAKO,  Glostrup,  Denmark);  positive 
EGFR  expression  was  defined  as  EGFR  staining  of  more 
than  10%  of  tumour  cells.  Highly  sensitive  analyses  of 
EGFR  somatic  gene  mutations  in  exons  18-21  and  Kras 
mutations  in  exons  2  and  3  were  done  by  use  of 
denaturing  HPLC  (Transgenomics,  Omaha,  NE,  USA). 

The  primary  efficacy  endpoint  was  overall  survival. 
Secondary  endpoints  included  progression-free  survival, 
objective  response  rate,  duration  of  objective  response, 
safety,  and  assessment  of  associations  between  efficacy 
endpoints  and  expression  of  EGFR  and  Kras  biomarkers. 
Overall  survival  was  defined  as  time  from  randomisation 
to  death  from  any  cause.  Progression-free  survival  was 
defined  as  time  from  randomisation  to  documented 
disease  progression,  as  determined  by  investigator 
with  use  of  RECIST,  or  death  on  study  treatment  (from 
any  cause  within  30  days  of  last  dose),  whichever 
occurred  first. 

Statistical  analyses 

We  designed  the  study  to  detect  33%  improvement  in 
median  survival,  which  required  417  deaths  to  provide 
83%  power  for  final  analysis  of  overall  survival.  We 
planned  an  interim  efficacy  analysis  after  280  deaths  had 
occurred  (~67%  of  required  deaths  for  final  analysis);  the 
significance  level  for  comparisons  of  overall  survival  was 
established  from  the  Lan-DeMets  a  spending  function 
with  an  O’Brien-Fleming  boundary  of  0-0124  at  67% 
event  time  and  0  ■  0462  at  final  analysis. 

At  the  interim  and  final  efficacy  analyses,  all  patients 
randomly  allocated  to  treatment  groups  were  included  in 
survival  analyses  (intention-to-treat  analysis).  Only 
patients  with  measurable  disease  at  baseline  were 
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included  in  the  analysis  of  objective  response  and  the 
exploratory  analysis  of  disease  control. 

We  used  stratified  Cox  proportional  hazard  models  to 
estimate  hazard  ratios  (HRs)  and  95%  CIs  for  overall 
survival  and  progression-free  survival  in  the  intention-to- 
treat  population.  We  used  a  two-sided  log-rank  test, 
stratified  by  randomisation  stratification  factors  apart 
from  study  site  to  compare  overall  survival  and 
progression-free  survival  between  trial  groups.  To  control 
the  overall  type  I  error  rate  at  the  5%  level  for  efficacy 
endpoints,  we  used  fixed-sequence  testing,  requiring  that 
the  primary  endpoint  be  significant  before  statistical 
testing  of  key  secondary  endpoints.1815  We  estimated 
median  and  IQRs  for  overall  survival  and  progression- 
free  survival  with  Kaplan-Meier  methods.  IQRs  are  shown 
throughout  the  manuscript  in  parentheses  after  medians. 
95%  CIs  for  median  time-to-events  were  calculated  by  the 
Brookmeyer  and  Crowley  method20  where  indicated. 

We  assessed  overall  and  progression-free  survival  in 
subpopulations  of  patients  (eg,  biomarker-defined 
subgroups)  with  an  unstratified  Cox  proportional  hazards 
model  and  Kaplan-Meier  method.  Differences  in  treat¬ 
ment  effects  between  subgroups  were  assessed  by  testing 
the  interaction  effect  between  treatment  groups  and 
characteristics  of  patients.  Statistical  analyses  were  done 
with  SAS  versions  9.1  and  9.2. 

This  trial  is  registered  with  ClinicalTrials.gov,  number 
NCT00130728. 

Role  of  the  funding  source 

The  study  sponsor  (Genentech)  was  involved  in  study 
design,  data  collection,  data  analysis,  and  interpretation 
of  results,  working  closely  with  the  investigators.  All 
authors  had  full  access  to  all  the  data  in  the  study  and 
had  final  responsibility  for  the  decision  to  submit 
for  publication. 

Results 

Between  June  8,  2005,  and  April  16,  2008,  we  enrolled 
636  patients  at  177  study  sites  in  12  countries  and 
randomly  allocated  319  patients  to  the  bevacizumab 
group  and  317  to  the  control  group  (figure  1,  table  1). 
200  (63%)  patients  in  the  bevacizumab  group 

discontinued  treatment  because  of  disease  progression, 
compared  with  243  (77%)  in  the  control  group. 

Baseline  characteristics  were  much  the  same  between 
treatment  groups  (table  1).  448  (70%)  of  636  patients  had 
previously  received  carboplatin  as  first-line  therapy  and 
113  (18%)  had  received  cisplatin;  other  frequently  used 
drugs  included  taxanes  (294  [4-6%]  patients  received 
paclitaxel  and  132  [21%]  received  docetaxel)  and 
gemcitabine  (148  [23%]).  Rates  of  response  to  previous 
first-line  treatment  were  balanced  between  groups. 
68  (11%)  of  636  patients  entered  the  study  with  treated 
brain  metastases.  613  (98%)  of  626  treated  patients  used 
concomitant  medications  during  treatment,  including 
steroids,  anti-emetics,  analgesics,  or  other  drugs. 


Figure  2:  Kaplan-Meier  curves  for  overall  survival 

Overall  survival  is  shown  for  assessable  patients  randomly  allocated  to  erlotinib  plus  bevacizumab  (bevacizumab 
group)  or  erlotinib  plus  placebo  (control  group).  The  p  value  for  overall  survival  is  based  on  a  stratified  log-rank 
test;  stratification  factors  were  Eastern  Cooperative  Oncology  Group  performance  status,  smoking  history,  and  sex. 


We  did  the  interim  efficacy  analysis  on  Feb  7,  2008, 
after  284  deaths  (68%  of  417  deaths  required  for  final 
analysis),  at  which  point  the  data  monitoring  committee 
recommended  that  the  study  continue.  Median  follow-up 
time  for  patients  who  were  randomly  allocated  to 
treatment  groups  was  19  months  (IQR  11-25  months; 
range  0  ■  2-34  months). 

Overall  survival  did  not  differ  between  the  patients  in 
the  bevacizumab  group  and  controls  (figure  2 
and  figure  3).  Median  overall  survival  was  about 
9 -2-9 -3  months  in  both  groups  (figure  3).  In  the 
Kaplan-Meier  analysis,  1-year  survival  was  42-1%  in  the 
bevacizumab  group  and  40-7%  in  the  control  group. 

Figure  4  shows  progression-free  survival  and  table  2 
shows  an  analysis  of  objective  response  rate.  Median 
progression-free  survival  was  3-4  months  (IQR  1-4-8 -4) 
in  the  bevacizumab  group  compared  with  1-7  months 
(1- 3-4-1)  in  the  control  group  (figure  4).  The  objective 
response  rate  in  the  bevacizumab  group  was  much 
higher  than  it  was  in  the  control  group  (table  2).  Three 
patients  had  a  complete  response  after  treatment  with 
bevacizumab  compared  with  one  patient  in  the  control 
group  (table  2).  Median  duration  of  overall  response 
seemed  to  be  longer  in  the  bevacizumab  group  than  in 
the  control  group  (table  2).  The  disease  control  rate  was 
45%  (136  patients)  in  the  bevacizumab  group  and  34% 
(104  patients)  in  the  control  group.  Because  of  the 
prespecified  use  of  fixed-sequence  testing  to  control  the 
overall  type  I  error  rate,  we  did  not  compare  secondary 
efficacy  results  statistically. 

A  subgroup  analyses  of  67  patients  who  never  smoked 
suggested  a  possible  improvement  in  overall  survival  in 
the  bevacizumab  group  compared  with  the  control  group 
(HR  0-44,  95%  Cl  0-21-0-94;  figure  3). 

477  (75%)  of  636  enrolled  patients  had  tumour  tissue 
available  for  biomarker  analyses.  390  patients  (202  in 
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All  Control  group 

patients 


Patients  Median  overall 
survival, 
months  (IQR) 


Bevacizumab  group 

Patients  Median  overall 
survival, 
months  (IQR) 


Hazard  ratio  (95%  Cl) 


p  value  for 
interaction 


Overall 

Age 


636 


317  9-2  (3-8-20-2)  319  9-3  (41-21-6)  0-97(0-80-ll8) 


<65  years 

309 

156 

9-2  (4-2-23-1) 

153 

97(4-2-24-3) 

0-94(071-125) 

2:65  years 

327 

161 

9-1  (3-7-16-8) 

166 

8-6  (4-1-18-2) 

0-98  (0-76-1-28) 

Sex 

Men 

341 

170 

7.9  (37-16-1) 

171 

8-1  (4  2-17-8) 

0-94(0-73-1-22) 

Women 

295 

147 

11-5(4-1-24-5) 

148 

10-2  (4-1-23-3) 

1-01  (0-76-1-35) 

Race 

White 

521 

257 

9-1  (3-8-19-5) 

264 

8-2  (3-8-19-9) 

1-02  (0-83-1-26) 

Black 

54 

33 

7-9  (3  4-20-2) 

21 

15-4(7-4-20-5) 

0-72  (0-36-1 43) 

Asian  or  Pacific  islander 

41 

18 

9-9  (3-2-NR) 

23 

NR  (22-6— NR) 

0-33  (0-09-1-22) 

Hispanic 

18 

8 

NR  (5-8-NR) 

10 

6-5  (4  3  21-7) 

3-55  (0-77-16-49) 

Baseline  ECOG  score 

0 

250 

121 

13-9  (7-6-25-1) 

129 

14-7  (5-8-24-3) 

1-04  (0-74-1-46) 

1 

342 

176 

67  (2  9-16 1) 

166 

7-4  (3-6-17-3) 

0-93  (0-73-1-20) 

2 

43 

20 

2-4  (1-0-11-0) 

23 

5-9  (2-3-11-2) 

0-92  (0-45-1-85) 

Smoking  history 

Never 

67 

33 

9-2  (4-5-29-3) 

34 

NR  (9-3-NR) 

0-44  (0-21-0-94) 

Current  or  previous 

569 

284 

9-1  (3-7-19-8) 

285 

8-1  (3-7-19-9) 

1-06  (0-87-1-29) 

Histology 

Other 

83 

40 

11-0  (2-6-17-9) 

43 

11-8  (4-5-29-5) 

078  (0-46-1-35) 

Large-cell  carcinoma 

48 

25 

6-8  (4-2-20-2) 

23 

13-3  (5-8-22-5) 

0-69  (0-34-1-41) 

Adenocarcinoma 

477 

235 

9-3  (4-0-22-7) 

242 

91  (3-7-20-5) 

1-07(0-85-1-33) 

Squamous-cell  carcinoma  28  17 

Time  since  initial  diagnosis  of  NSCLC 

5-1  (3-6  11 8) 

11 

5-0  (3-8-10-2) 

0  91  (0-36-2-33) 

<6  months 

155 

78 

57  (2-1-13-9) 

77 

4  4(2-6-9 1) 

1-31  (0-91-1-87) 

6-12  months 

242 

122 

9-2  (3-7-19  8) 

120 

9-2  (4-4-22-2) 

0-92  (0-67-1 26) 

>12  months  228  112 

Biomarker-defined  subgroups  of  patients 

11-3  (5-8-23 1) 

116 

16-0  (6-2-23-7) 

0-84(0-60-1-18) 

EGFR  mutation  status 

Mutant 

30 

18 

20-2  (16-4-31-1) 

12 

NR  (22-6-NR) 

0  44(0-11-1-67) 

Wild-type 

325 

152 

9-1  (3-8-18-6) 

173 

81  (3-8-17-3) 

1-11  (0-86-1 44) 

EGFR  FISH  status 

Positive 

76 

43 

11-6  (5-1-20-2) 

33 

6-2  (2-6-15-0) 

1-43  (0-83-2-47) 

Negative  128 

EGFR  immunohistochemistry  status 

59 

8-9  (3-4-18-6) 

69 

6-2  (3-8-17-3) 

114(0-76-1-70) 

Positive 

254 

119 

11-0  (3-8-22-7) 

135 

8-5  (4-2-21-4) 

1-07  (0-79-1-45) 

Negative 

91 

42 

7-0  (3-2-12  6) 

49 

9-2  (3-6-12-2) 

0-92(0-57-1-50) 

Kras  mutation  status 

Mutant 

86 

38 

12-6  (6-3-22-7) 

48 

10-3  (4-8-21-4) 

1 23  (0-72-2-08) 

Wild-type 

282 

140 

97(4-0-19-8) 

142 

8-2  (3-8-19  6) 

1-08  (0-81-1-43) 

-c 

> 

- 

- 

> 

D — 

0-5 


00974 


0-8642 


00295 

0-5349 

01838 

01826 

0-5113 

0-6124 

0-6699 


Favours  bevacizumab 


2  5 

- ► 

Favours  control 


Figure  3:  Forest  plot  for  subpopulations  of  patients  defined  by  demographics  and  baseline  characteristics,  including  biomarker  expression 

Dashed  line  shows  hazard  ratio  for  the  overall  population.  Overall  survival  hazard  ratios  were  estimated  by  use  of  an  unstratified  Cox  model.  FISH=fluorescence 
in-situ  hybridisation.  NA=not  assessable.  NR=not  reached.  EC0G=Eastern  Cooperative  Oncology  Group.  NSCLC=non-small-cell  lung  cancer.  EGFR=epidermal 
growth  factor  receptor. 


the  bevacizumab  group  and  188  in  the  control  group) 
had  results  for  at  least  one  of  the  following  tests:  EGFR 
immunohistochemistry,  EGFR  FISH,  EGFR  mutation 
status,  and  Kras  mutation  status.  355  (56%)  patients 
had  assessable  tests  for  EGFR  mutations  and 
368  (58%)  had  assessable  tests  for  Kras  mutations. 
Figure  3  shows  overall  survival  for  patients  with 
available  tissue  and  assessable  results.  Although 
subgroup  analysis  of  suggested  overall  survival  seemed 
to  favour  bevacizumab  in  patients  with  EGFR-mutated 
tumours  compared  with  those  with  FGFR-wild-type 
tumours,  the  difference  did  not  achieve  significance 
(p=0-1826).  Survival  outcomes  were  similar  between 
patients  with  tumours  with  Kras  mutations  and  those 


that  were  Kras  wild-type.  Progression-free  survival 
outcomes  were  much  the  same  in  patients  with  tumours 
with  EGFR  mutations  and  those  that  were  EGFR  wild- 
type  (data  not  shown). 

188  (60%)  of  313  patients  in  the  bevacizumab  group 
had  grade  3  or  4  adverse  events,  compared  with  151  (48%) 
of  313  controls  (table  3).  Incidence  of  grade  3  arterial 
thromboembolic  events  was  higher  in  the  bevacizumab 
group  than  it  was  in  the  control  group,  but  was  much  the 
same  as  previously  reported  rates  in  patients  with 
advanced  NSCLC  who  were  treated  with  bevacizumab.6-7 
15  patients  (5%)  in  the  bevacizumab  group  and  four  (1%) 
in  the  control  group  had  grade  3  or  4  hypertension,  and 
no  patients  had  grade  5  hypertension  (table  3). 
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There  were  20  (6%)  grade  5  adverse  events  in  the 
bevacizumab  group,  compared  with  14  (4%)  in  the  control 
group,  most  commonly  dyspnoea  (three  events  vs  two 
events),  pneumonia  (two  vs  four  events),  and  pulmonary 
embolism  (one  event  in  each  group).  Two  deaths  due  to 
bleeding  (pulmonary  haemorrhage  and  gastrointestinal 
haemorrhage)  occurred  in  the  bevacizumab  group, 
compared  with  none  in  the  control  group.  No  bleeding 
events  of  grade  3  or  higher  (including  central  nervous 
system  haemorrhage)  were  reported  in  68  patients 
entering  the  study  with  treated  brain  metastases. 

41  patients  (13%)  in  the  bevacizumab  group 
discontinued  treatment  because  of  adverse  events, 
compared  with  27  (9%)  in  the  control  group  (figure  1). 

Patients  in  the  bevacizumab  group  received  a  mean 
dose  of  132-2  mg  (SD  25-8)  erlotinib  per  day  for  a 
duration  of  152-2  days  (173-4);  controls  received  a  mean 
dose  of  139  •  3  mg  (20  •  8)  erlotinib  every  day  for  a  duration 
of  101  •  5  days  (119  •  0) .  Patients  in  the  bevacizumab  group 
received  a  median  of  4  (IQR  2-9;  range  1-47)  doses  of 
bevacizumab,  compared  with  a  median  of  2  (IQR  2-6; 
range  0-37)  doses  of  placebo  in  the  control  group. 

In  the  bevacizumab  group,  24  (8%)  of  319  patients 
received  bevacizumab  in  subsequent  lines  of  therapy, 
compared  with  38  (12%)  of  317  patients  in  the  control 
group.  In  the  bevacizumab  group,  164  (51%)  of 
319  patients  received  one  or  more  subsequent  therapies 
(most  commonly  pemetrexed  or  gemcitabine)  after 
discontinuation  of  study  treatment,  compared  with 
193  (61%)  of  317  in  the  control  group. 

Discussion 

We  assessed  the  efficacy  of  addition  of  bevacizumab  to 
erlotinib  in  patients  with  recurrent,  advanced,  or 
metastatic  NSCLC  after  failure  of  standard  first-line 
chemotherapy,  and  showed  that  addition  of  bevacizumab 
to  erlotinib  did  not  improve  overall  survival  (figure  2). 
Bevacizumab  added  to  erlotinib  seemed  to  prolong 
progression-free  survival,  objective  response  rate,  and 
duration  of  response  compared  with  erlotinib  alone; 
median  progression-free  survival  and  objective  response 
rates  were  about  double  those  in  the  control  group. 
However,  because  of  our  prespecified  use  of  fixed- 
sequence  testing,  the  secondary  endpoints  were  not 
compared  statistically. 

Results  from  our  subset  analyses  for  survival  were 
generally  consistent  with  overall  trial  results.  Most 
subpopulations  of  patients  derived  a  benefit  to 
progression-free  survival  but  not  overall  survival  from 
the  addition  of  bevacizumab.  Although  a  few  subsets  of 
patients  in  the  bevacizumab  group  showed  longer 
survival  than  did  those  in  the  control  group,  the  sample 
sizes  were  small  and  CIs  were  wide;  hence,  these 
subgroup  results  should  be  interpreted  with  caution. 

This  trial  had  limitations,  including  the  absence  of 
accounting  for  crossover  effects  of  a  potentially  active 
therapy  (eg,  bevacizumab)  on  overall  survival.  More 


Figure 4-  Kaplan-Meier  curves  for  progression-free  survival 

Progression-free  survival  is  shown  for  assessable  patients  in  the  bevacizumab  group  (randomly  allocated  to 
erlotinib  plus  bevacizumab)  and  control  group  (randomly  allocated  to  erlotinib  plus  placebo).  Because  of  the 
prespecified  use  of  fixed  sequence  testing  to  control  the  overall  type  I  error  rate,  which  required  that  the  primary 
endpoint  (overall  survival)  be  significant  before  statistical  testing  of  key  secondary  endpoints,  progression-free 
survival  results  could  not  be  defined  as  significant. 


Control  group  (n=306) 

Bevacizumab  group  (n=301) 

Objective  response 

19  (6%) 

38  (13%) 

Complete  response 

1  (<1%) 

3(1%) 

Partial  response 

18  (6%) 

35  (12%) 

Stable  disease 

85  (28%) 

98  (33%) 

Progressive  disease 

154  (50%) 

112  (37%) 

Disease  control  rate 

Complete  response,  partial  response, 
or  stable  disease 

104  (34%) 

136  (45%) 

Median  duration  of  objective  response, 
months 

8-4  (3-5-14-9, 3-4-14-9) 

9-7  (6-9-19-5, 5-7-19-5) 

Data  are  n  (%)  or  median  (95%  Cl,  IQR). 

Table  2:  Response  rates,  disease  control  rates,  and  duration  of  objective  response  in  patients  with 
measurable  disease  at  baseline 

Control  group  (n=313) 

Bevacizumab  group  (n=313) 

Any  adverse  event 

309  (99%) 

312  (>99%) 

Any  serious  adverse  event 

114  (36%) 

130  (42%) 

Any  grade  >3  adverse  event 

Grade  3/4: 151  (48%); 
grade  5: 14  (4%) 

Grade  3/4: 188  (60%); 
grade  5:  20  (6%) 

Haemorrhage 

Grade  3/4: 7  (2%) 

Grade  3/4:  8  (3%);  grade  5: 2  (1%) 

Pulmonary  haemorrhage 

Grade  3/4: 1(<1%) 

Grade  3/4: 2  (1%);  grade  5: 1  (<1%) 

CNS  haemorrhage 

0 

Grade  3/4: 1  (<1%) 

Arterial  thromboembolic  event 

Grade  3/4: 1(<1%) 

Grade  3/4: 10  (3%);  grade  5: 2  (1%) 

Hypertension 

Grade  3/4: 4  (1%) 

Grade  3/4: 15  (5%) 

Interstitial  lung  disease-like  events 

Grade  3/4: 1  (<1%); 
grade  5: 1  (<1%) 

Grade  3/4: 1  (<1%);  grade  5: 1  (<1%) 

Rash 

Grade  3/4: 19  (6%) 

Grade  3/4: 49  (16%) 

Data  are  forthe  safety-assessable  patient  population.  CNS=central  nervous  system. 

Table  3:  Adverse  events 
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Panel:  Research  in  context 
Systemic  review 

We  searched  the  PubMed  database  for  articles  published  in 
English  between  Jan  15,  2001  and  Jan  15,  2011  with  the  search 
terms  "lung  cancer",  “angiogenesis",  and  "epidermal  growth 
factor"  to  identify  preclinical  data  and  clinical  trials  in  lung 
cancer  that  assessed  epidermal  growth  factor  receptor  (EGFR) 
and  angiogenesis  inhibitors.  We  identified  240  reports, 
including  12  reports  of  clinical  trials  targeting  EGFR  and 
angiogenesis  pathways  in  combination  in  lung  cancer. 

Interpretation 

Preclinical  data  suggest  an  enhanced  benefit  of  dual 
inhibition  of  the  EGFR  and  angiogenesis  pathways  in  lung 
cancer.  These  findings,  together  with  our  experience  in 
phase  1  and  phase  2  trials  of  erlotinib  and  bevacizumab, 
support  this  combination  therapy  in  non-small-cell  lung 
cancer.1516  Indeed,  clinical  trials  of  inhibitors  targeting  EGFR 
and  angiogenesis  showed  an  increase  in  progression-free 
survival  in  several  studies,  underlining  a  probable  advantage 
of  targeting  both  pathways  concurrently.  Flowever,  the 
combination  therapies  described  in  our  and  most  of  the  other 
studies  failed  to  enhance  overall  survival  in  patients  with 
advanced  disease.  These  results  emphasise  the  challenge 
overall  survival  provides  as  a  primary  endpoint  in  a 
population  of  patients  with  refractory  non-small-cell  lung 
cancer  and  the  need  for  predictive  biomarkers  to  select 
patients  who  will  most  probably  benefit  from  concurrent 
inhibition  of  the  EGFR  and  angiogenesis  pathways. 


patients  in  the  control  group  than  in  the  bevacizumab 
group  received  subsequent  lines  of  therapy  during  follow¬ 
up,  including  subsequent  treatment  with  bevacizumab, 
which  could  have  confounded  the  comparison  of  overall 
survival  between  the  two  cohorts.  Reports  of  an  overall 
survival  benefit  in  the  setting  of  refractory  NSCLC  have 
become  more  difficult  in  recent  years,  because  of  the 
increased  number  of  moderately  active  agents  available 
for  subsequent  treatment.  A  predictive  tissue  marker  was 
not  identified  in  this  study,  although  our  biomarker 
analysis  was  done  with  samples  obtained  by  surgery  or 
for  diagnostic  intent  (rather  than  new  biopsies), 
potentially  restricting  the  value  of  this  biomarker 
analysis. 

Several  preclinical  studies10-13  showed  an  enhanced 
benefit  from  combination  EGFR  and  angiogenesis 
inhibitors  (panel).  A  preclinical  study14  in  an  orthotopic 
lung  cancer  model  showed  that  inhibition  of  EGFR  and 
VEGFR  signalling  led  to  profound  antiangiogenic, 
antivascular,  and  antitumour  effects.14  The  hypothesis 
was  therefore  made  that  combination  of  erlotinib  and 
bevacizumab  would  be  more  clinically  effective  than 
would  erlotinib  monotherapy,  while  maintaining 
acceptable  toxic  effects.  Furthermore,  studies21,22  have 
suggested  that  blocking  of  VEGFR  and  EGFR  signalling 


could  overcome  primary  or  acquired  resistance  to  EGFR 
inhibitors  in  xenograft  models.  Second-line  NSCLC 
treatment  with  vandetanib,  a  drug  targeting  both 
angiogenesis  and  EGFR  activity,  has  led  to  prolonged 
progression-free  survival  in  two  clinical  trials,23,24 
although  overall  survival  was  not  improved. 

EGFR  expression,  overexpression,  and  mutation  have 
been  implicated  in  the  pathogenesis  of  NSCLC,25-30 
suggesting  that  patients  who  are  EGFR  positive  (by 
immunohistochemistry  or  FISH  analyses)  or  who  have 
EGFR  mutations  might  derive  increased  benefit  from 
EGFR-targeted  therapies.  In  a  subgroup  analysis  of  EGFR 
mutation  status,  the  HR  for  overall  survival  was 
apparently  lower  in  patients  with  FGFR-mutant  tumours 
than  in  patients  with  wild-type  tumours.  However,  this 
result  should  be  interpreted  with  caution  because  only 
30  patients  in  the  study  had  FGFR-mutated  tumours  and 
the  95%  CIs  for  the  HRs  were  wide  (upper  limits  >1-0) 
and  overlapping. 

Predictive  markers  show  responses  to  treatment, 
whereas  prognostic  markers  show  the  natural  history  of 
disease.  Predictive  conclusions  about  the  role  of 
biomarkers  in  erlotinib  treatment  cannot  be  made 
because  both  treatment  groups  contained  erlotinib. 
However,  the  EGFR  mutation  data  do  support  EGFR 
mutation  as  a  prognostic  marker  for  NSCLC.  Activation 
of  mutations  in  Kras  occur  in  30%  of  NSCLCs  and 
might  indicate  poor  prognosis  or  mediate  resistance  to 
EGFR  inhibitors.31,32  By  contrast  with  previous  reports, 
the  Kras  data  in  our  study  do  not  support  Kras  mutation 
status  as  an  independent  marker  of  poor  prognosis 
for  NSCLC. 

Both  regimens  were  well  tolerated,  although  patients 
given  bevacizumab  had  slightly  more  toxic  effects  than 
did  controls,  with  an  increased  proportion  of  grade  5 
events.  The  toxic  effects  of  erlotinib  and  bevacizumab  that 
we  noted  were  consistent  with  the  known  individual  drug 
toxic-effect  profiles;  no  new  safety  signals  were  reported. 
The  incidence  of  events  related  to  bevacizumab,  including 
arterial  thromboembolic  events,  venous  thromboses,  and 
haemorrhages,  was  consistent  with  previously  reported 
data  for  bevacizumab.6  Events  typically  associated  with 
erlotinib,  such  as  diarrhoea,  nausea,  and  vomiting,  were 
reported  at  much  the  same  rates  in  both  groups.  The 
incidence  of  rash  associated  with  erlotinib  was  higher  in 
the  bevacizumab  group,  although  in  most  cases  rash  was 
manageable  and  did  not  lead  to  substantial  treatment 
discontinuation.  The  increased  overall  incidence  of 
adverse  events  in  the  bevacizumab  group  probably  reflects 
some  additive  effects  of  the  drug  combination,  and  the 
greater  median  length  of  time  on-study  for  patients 
receiving  erlotinib  and  bevacizumab. 

In  summary,  erlotinib  and  bevacizumab  given  to 
patients  with  advanced-stage  NSCLC  after  failure  of 
standard  first-line  chemotherapy  did  not  result  in 
improved  overall  survival  compared  with  erlotinib  and 
placebo.  Although  we  could  not  assess  significance, 
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potential  clinical  activity  of  the  combination  is  suggested 
by  possible  improvements  in  progression-free  survival 
and  objective  response  rates  and  the  tolerable  safety 
profile,  which  supports  the  hypothesis  that  the 
combination  could  be  useful  in  treatment  of  NSCLC. 
However,  the  absolute  improvement  in  median 
progression-free  survival  (6  weeks;  figure  4)  by  this 
combination  will  need  to  be  balanced  against  the  slightly 
increased  rate  of  toxic  effects  and  cost,  perhaps  requiring 
more  detailed  analysis  of  patient-derived  outcomes. 

A  trial33  testing  the  addition  of  erlotinib  to  bevacizumab 
maintenance  in  patients  without  progressive  disease 
after  four  cycles  of  chemotherapy  and  bevacizumab 
showed  improved  progression  free  survival  but  not 
overall  survival  compared  to  bevacizumab  alone.  Our 
trial  did  not  test  a  maintenance  concept  but  instead  was 
designed  to  detect  a  survival  improvement  for  the 
combination  of  bevacizumab  and  erlotinib  in  a  more 
advanced  population  of  patients  that  had  progressed  after 
front-line  treatment.  Both  studies  suggest  that  despite 
improvements  in  several  efficacy  endpoints,  improving 
survival  remains  a  challenge  in  the  treatment  of  NSCLC. 
Therefore,  optimisation  of  outcomes  from  a  combination 
of  bevacizumab  and  erlotinib  will  probably  require  new 
techniques  to  prospectively  identify  subsets  of  patients 
who  are  most  likely  to  benefit  from  this  treatment. 
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Background  Interindividual  variation  in  genetic  background  may  influence  the  response  to  chemotherapy  and  overall 
survival  for  patients  with  advanced-stage  non-small  cell  lung  cancer  (NSCLC). 

Methods  To  identify  genetic  variants  associated  with  poor  overall  survival  in  these  patients,  we  conducted  a  genome¬ 
wide  scan  of  307  260  single-nucleotide  polymorphisms  (SNPs)  in  327  advanced-stage  NSCLC  patients  who 
received  platinum-based  chemotherapy  with  or  without  radiation  at  the  University  of  Texas  MD  Anderson 
Cancer  Center  (the  discovery  population).  A  fast-track  replication  was  performed  for  315  patients  from  the  Mayo 
Clinic  followed  by  a  second  validation  at  the  University  of  Pittsburgh  in  420  patients  enrolled  in  the  Spanish 
Lung  Cancer  Group  PLATAX  clinical  trial.  A  pooled  analysis  combining  the  Mayo  Clinic  and  PLATAX  popula¬ 
tions  or  all  three  populations  was  also  used  to  validate  the  results.  We  assessed  the  association  of  each  SNP 
with  overall  survival  by  multivariable  Cox  proportional  hazard  regression  analysis.  All  statistical  tests  were 
two-sided. 


Results  SNP  rsl 878022  in  the  chemokine-like  receptor  1  (CMKLR1)  was  statistically  significantly  associated  with  poor 
overall  survival  in  the  MD  Anderson  discovery  population  (hazard  ratio  [HR]  of  death  =  1.59,  95%  confidence 
interval  [Cl]  =  1.32  to  1.92,  P=  1.42  x  10  6),  in  the  PLATAX  clinical  trial  (HR  of  death  =  1.23,  95%  Cl  =  1.00  to  1.51, 
P  =  .05),  in  the  pooled  Mayo  Clinic  and  PLATAX  validation  (HR  of  death  =  1.22,  95%  Cl  =  1.06  to  1.40,  P=  .005),  and 
in  pooled  analysis  of  all  three  populations  (HR  of  death  =  1.33,  95%  Cl  =  1.19  to  1.48,  P=  5.13  x  1CL7).  Carrying 
a  variant  genotype  of  rsl 0937823  was  associated  with  decreased  overall  survival  (HR  of  death  =  1.82,  95%  Cl  = 
1.42  to  2.33,  P=  1.73  x  1 0  6)  in  the  pooled  MD  Anderson  and  Mayo  Clinic  populations  but  not  in  the  PLATAX 
trial  patient  population  (HR  of  death  =  0.96,  95%  Cl  =  0.69  to  1.35). 

Conclusion  These  results  have  the  potential  to  contribute  to  the  future  development  of  personalized  chemotherapy  treat¬ 
ments  for  individual  NSCLC  patients. 

J  Natl  Cancer  Inst  2011;103:817-825 


Lung  cancer  causes  approximately  28%  of  cancer-related  deaths 
per  year  in  the  United  States  and  has  remained  the  leading  cause 
of  all  cancer  deaths  for  the  past  decade  with  a  5 -year  survival  rate 
of  15%  (1).  Non-small  cell  lung  cancer  (NSCLC)  accounts  for 
more  than  80%  of  all  lung  cancers  and  is  often  diagnosed  at  an 
advanced  stage.  Disease  stage  and  performance  status  are  two  of 
the  most  important  clinical  factors  used  to  determine  prognosis 
and  guide  treatment  options  for  NSCLC  patients.  Platinum-based 
chemotherapy  is  the  main  treatment  option  for  advanced-stage 
NSCLC  patients  and  has  demonstrated  improved  overall  survival 
(2,3).  Unfortunately,  response  to  platinum-based  chemotherapy 
varies  among  patients  with  similar  clinical  characteristics  (4). 
Therefore,  identification  of  biomarkers  that  can  better  predict  a 
patient’s  clinical  outcome  might  prove  helpful  in  guiding  the  phy¬ 
sician  in  the  selection  of  an  optimal  treatment  regimen. 


Germline  genetic  variations,  such  as  single-nucleotide  poly¬ 
morphisms  (SNPs),  have  attracted  much  attention  as  potential 
predictors  of  overall  survival  for  NSCLC  patients  treated  with 
platinum-based  chemotherapy  (2,5-8).  A  majority  of  these  studies 
have  applied  a  candidate  gene  approach  requiring  a  priori  knowl¬ 
edge  of  SNPs  and  gene  function.  For  example,  studies  focused  on 
the  association  between  genetic  variants  in  DNA  repair  pathway 
genes  and  clinical  outcome  have  assumed  that  suboptimal  DNA 
repair  capacity  influences  individual  responses  to  chemotherapy 
and  overall  survival.  However,  the  results  have  often  been  conflict¬ 
ing  and  difficult  to  replicate  (8). 

Recently,  several  genome-wide  association  studies  have  been 
completed  with  the  aim  of  identifying  genetic  variants  influencing 
the  risk  of  lung  cancer  (9-13).  The  availability  of  the  data  from  the 
patient  population  of  our  previous  genome-wide  association  studies 
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CONTEXT  AND  CAVEATS 

Prior  knowledge 

Although  platinum-based  chemotherapy  is  the  main  treatment  for 
non-small  cell  lung  cancer  (NSCLC),  most  patients  either  do  not 
respond  to  the  therapy  or  develop  resistance.  Variation  among 
patients  might  account  for  at  least  some  of  the  variability  in 
response  and  response  duration. 

Study  design 

A  genome-wide  scan  for  genetic  variants  associated  with  decreased 
overall  survival  was  performed  in  a  population  of  NSCLC  patients 
who  received  platinum-based  chemotherapy  with  or  without 
radiation.  Variants  highly  statistically  significantly  associated  with 
decreased  overall  survival  in  the  initial  discovery  population  were 
validated  in  two  independent  patient  populations  as  well  as  in 
pooled  analyses. 

Contribution 

A  genetic  variation  in  the  chemokine-like  receptor  1  (CMKLR1) 
gene  was  statistically  significantly  associated  with  decreased  over¬ 
all  survival  in  the  three  individual  populations  as  well  as  in  pooled 
analyses. 

Implications 

NSCLC  patients  carrying  a  genetic  variation  in  CMKLR1  may  not 
respond  to  platinum-based  chemotherapy.  This  study  demon¬ 
strates  an  analytical  approach  to  identify  genetic  factors  associated 
with  clinical  outcomes  that  could  be  used  to  develop  refined  treat¬ 
ment  strategies  for  these  patients. 

Limitations 

There  are  no  previous  reports  of  CMKLR1  or  its  protein  being  asso¬ 
ciated  with  lung  cancer.  Further  studies  are  necessary  to  confirm  a 
role  and  elucidate  a  mechanism  for  this  G-protein-coupled  receptor 
in  NSCLC  and  resistance  to  platinum-based  chemotherapeutic 
agents. 

From  the  Editors 


for  lung  cancer  risk  together  with  data  from  additional  patients 
selected  from  our  ongoing  epidemiological  lung  cancer  study  at 
MD  Anderson  Cancer  Center  provided  us  with  the  opportunity  to 
comprehensively  examine  genome-wide  genetic  data  to  identify 
common  genetic  variants  associated  with  overall  survival  for 
NSCLC.  To  construct  a  relatively  homogeneous  treatment  reg¬ 
imen,  this  study  was  restricted  to  patients  who  did  not  receive 
surgery  and  were  treated  with  platinum-based  chemotherapy  with 
or  without  radiation.  We  implemented  a  three-stage  study  design 
with  a  fast-track  replication  for  60  selected  SNPs  in  an  indepen¬ 
dent  NSCLC  patient  cohort  at  Mayo  Clinic  followed  by  further 
validation  for  seven  SNPs  in  NSCLC  patients  who  received  cis- 
platin  and  docetaxel  as  part  of  the  PLAT AX  clinical  trial. 

Methods 

MD  Anderson  Discovery  Population 

All  participants  were  selected  from  1235  newly  diagnosed  histolog¬ 
ically  confirmed  lung  cancer  patients.  Of  these  1235  patients,  1154 
patients  from  our  recent  genome-wide  association  studies  of  lung 
cancer  risk  (9)  and  an  additional  81  lung  cancer  patients  front  an 


ongoing  epidemiological  lung  cancer  study  at  the  University  of 
Texas  MD  Anderson  Cancer  Center  were  included  in  the  analysis. 
All  patients  were  recruited  from  January  1,  1995,  to  December  30, 

2007,  and  had  a  median  lag  time  of  34  days  between  the  date  of 
initial  diagnosis  and  the  start  of  chemotherapy.  To  be  eligible  for 
this  study,  patients  had  to  be  white  ever-smokers  with  stage  III  or 
IV  NSCLC  without  surgery  or  other  prior  therapy  and  treated  at 
MD  Anderson  Cancer  Center  with  first-line  platinum-based  che¬ 
motherapy  with  or  without  radiotherapy.  In  total,  327  NSCLC 
patients  were  selected  for  inclusion  in  the  discovery  phase.  We  also 
performed  a  separate  analysis  on  213  NSCLC  patients  with 
incurable  stage  IIIB  (wet)  and  IV  disease.  All  study  participants 
gave  written  informed  consent,  and  the  study  was  approved  by 
the  Institutional  Review  Board  of  the  University  of  Texas  MD 
Anderson  Cancer  Center. 

Mayo  Clinic  Validation  Population 

Of  the  945  lung  cancer  patients  who  received  platinum-based 
chemotherapy  recruited  from  the  Mayo  Clinic  (14),  we  applied  the 
same  eligibility  criteria  as  was  used  in  the  discovery  step  and  iden¬ 
tified  315  NSCLC  patients  who  met  the  criteria  outlined  above. 
Patients  were  recruited  from  January  1,  1997,  to  December  30, 

2008,  and  had  a  median  lag  time  of  25  days  between  the  date  of 
initial  diagnosis  and  the  start  of  chemotherapy.  All  study  partici¬ 
pants  gave  written  informed  consent,  and  the  study  was  approved 
by  the  Institutional  Review  Board  of  the  Mayo  Foundation. 

PLATAX  Validation  Population 

Specimens  from  420  NSCLC  stage  III  and  IV  patients  who 
received  chemotherapy  (cisplatin  and  docetaxel)  within  the  phar- 
macogenomic,  open-label,  single-arm  multicenter  PLATAX  trial 
were  included  in  the  validation  analysis.  Lag  time  for  each  patient 
was  less  than  1  month.  Specimen  collection  was  performed  as  part 
of  a  collaborative  study  under  a  Grupo  Espanol  de  Cancer  de 
Pulmon  (Spanish  Lung  Cancer  Group)  Clinical  Research  Ethics 
Committee-approved  protocol  involving  multiple  institutions  in 
Spain  (a  complete  list  of  participating  Spanish  hospitals  is  found 
in  the  Notes).  All  patients  provided  written  informed  consent 
and  de-identified  specimens,  and  patient  data  were  sent  to  the 
University  of  Pittsburgh  (Pittsburgh,  PA)  for  genotyping  analyses 
under  a  separately  approved  Institutional  Review  Board  protocol. 

Genotyping 

Genotypes  were  generated  using  Illumina’s  HumanHap300 
BeadChip  (San  Diego,  CA)  for  the  1154  patients  included  in  our 
previous  genome-wide  association  studies  of  lung  cancer  risk  (9). 
We  carried  out  genotyping  for  an  additional  81  patients  from  MD 
Anderson  Cancer  Center  using  Illumina’s  HumanHap317 
BeadChip.  The  analysis  focused  on  307  260  SNPs  that  were  in¬ 
cluded  in  both  chips  and  passed  quality  control  filters  including 
call  rate  of  at  least  95%  and  minor  allele  frequencies  of  at  least 
0.01.  All  1235  specimens  had  call  rates  greater  than  95%,  reported 
gender  consistent  with  X  chromosome  heterozygosity,  and  passed 
additional  quality  control  tests  for  duplicate  sample  detection  and 
outlier  sample  detection  implemented  in  the  software  package 
PLINK  (version  1.03,  http://pngu.mgh.harvard.edu/~purcelPplink/) 
(15).  Genotyping  for  the  Mayo  Clinic  validation  population  was 
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performed  in  the  Mayo  Clinic  Genomic  Shared  Resources  facil¬ 
ities  using  the  SNPstream  genotyping  platform  (Beckman  Coulter, 
Fullerton,  CA)  and  TaqMan  assays  (Applied  Biosystems,  Foster 
City,  CA)  according  to  the  manufacturer’s  instructions.  Genotyping 
was  performed  at  the  University  of  Pittsburgh  using  a  custom 
Illumina  GoldenGate  panel  (Illumina)  and  TaqMan  assays  fol¬ 
lowing  standard  protocols. 

Statistical  Analysis 

We  assessed  three  genetic  models  of  inheritance  (dominant,  reces¬ 
sive,  and  additive)  using  the  discovery  dataset  for  each  SNP 
by  multivariable  Cox  proportional  hazard  regression  analysis. 
Adjustments  for  age  (continuous),  sex  (male  or  female),  pack-years 
(continuous),  clinical  stage  (IIIA,  IIIB  [dry],  IIIB  [wet],  or  IV),  and 
pretreatment  performance  status  (0,  1,  or  2^1)  were  made  with  the 
use  of  STATA  software  (version  10;  STATA  Corporation,  College 
Station,  TX).  The  model  with  the  smallest  P  value  was  used  to 
measure  the  statistical  significance  of  the  association  between  each 
SNP  and  overall  survival  for  the  genome-wide  SNP  data.  Only  the 
dominant  model  was  considered  when  the  rare  homozygous  geno¬ 
type  was  less  than  5  %  in  both  living  and  deceased  patients.  Overall 
survival  time  was  defined  as  the  time  from  the  date  of  chemo¬ 
therapy  start  to  the  date  of  death  or  the  date  of  last  follow-up, 
whichever  came  first.  Kaplan-Meier  curves  and  log-rank  tests  were 
used  to  calculate  the  survival  difference  associated  with  individual 
genotypes.  All  statistical  tests  were  two-sided. 

All  patients  from  the  discovery  population  were  used  to  deter¬ 
mine  population  substructure  using  the  software  packages  PLINK 
and  EIGENSTRAT  (version  3.0,  http://genepath.med.harvard. 
edu/~reich/Software.htm)  (16).  The  1235  patients  were  classified 
into  27  strata  on  the  basis  of  genetic  similarity  using  PLINK 
clustering  analysis.  When  restricted  to  the  327  patients  ana¬ 
lyzed  in  the  discovery  phase,  22  strata  were  identified.  Analysis 
using  EIGENSTRAT  software  and  principle  component  analysis 
identified  the  five  top  eigenvalues  from  the  1235  available  eigen¬ 
values.  Multivariable  Cox  regression  analyses  were  used  to  allow 
for  potential  population  substructure  by  two  separate  analyses  (one 
with  the  PLINK  identified  strata  and  the  other  with  the  five  eigen¬ 
vectors  from  EIGENSTRAT). 

We  divided  the  data  equally  using  two  approaches — by  ran¬ 
domly  splitting  the  data  into  training  and  test  sets  and  by  assigning 
alternating  samples  into  training  and  test  sets  according  to  the  date 
of  sample  collection.  For  SNPs  showing  statistically  significant 
differences  in  patients  with  stage  III  and  IV  disease,  a  SNP  was 
selected  for  validation  in  the  Mayo  Clinic  validation  population  if 
it  was  statistically  significantly  associated  with  overall  survival  in 
the  training  and  testing  sets  generated  by  both  approaches  or  if  it 
was  among  the  top  20  statistically  significant  SNPs  identified  in 
the  training  and  testing  sets  generated  by  either  approach.  For 
SNPs  statistically  significantly  associated  with  overall  survival  by 
analysis  of  the  subgroup  of  specimens  from  patients  with  stage  IIIB 
(wet)  and  IV  disease,  a  SNP  was  selected  for  validation  if  it  was  one 
of  the  top  20  SNPs  with  a  statistically  significant  association  with 
overall  survival  in  both  the  training  and  testing  sets,  generated  by 
either  approach  (Supplementary  Table  1,  available  online). 

The  analysis  of  specimens  from  the  Mayo  Clinic  validation 
studies  was  performed  using  multivariable  Cox  regression  analysis 


with  adjustment  variables  identical  to  those  of  the  initial  scan. 
Seven  SNPs  showing  consistent  association  with  overall  survival, 
resulting  in  the  corresponding  hazard  ratios  in  the  MD  Anderson 
and  Mayo  Clinic  studies,  were  selected  for  further  replication  in 
the  PLATAX  clinical  trial  samples  (Supplementary  Table  1,  available 
online).  Multivariable  Cox  regression  analysis  with  adjustments  for 
age,  sex,  clinical  stage,  and  pretreatment  performance  status  (same 
as  above  definitions)  was  used  to  investigate  an  association  between 
a  SNP  and  overall  survival.  Smoking  history  was  not  available  for 
these  patients,  so  the  data  were  not  adjusted  for  this  variable.  To 
summarize  results  for  the  discovery  set  and  the  two  validation 
studies,  we  performed  pooled  analysis  to  obtain  the  summary 
hazard  ratio  and  95%  confidence  interval  (Cl).  We  tested  the 
proportional-hazards  assumption  on  the  basis  of  Schoenfeld  resid¬ 
uals.  Data  from  MD  Anderson,  Mayo  Clinic,  and  the  PLATAX 
clinical  trial  satisfied  the  proportionality  assumption  with  P  =  .21, 
P  =  .48,  and  P  =  .15,  respectively,  when  rs  1878022  and  all  covari¬ 
ates  were  included  in  the  analysis. 

Haploview  software  (version  4.1,  http://www.broad.mit.edu/ 
mpg/haploview/)  was  used  to  determine  pair-wise  linkage  disequi¬ 
librium  structure  across  the  genomic  region  under  study  (17).  To 
impute  SNPs  in  the  region  containing  susceptibility  loci,  we  used 
MACH  software  (http://www.sph.umich.edu/csg/abecasis/MaCH) 
and  haplotype  information  for  the  multimarker  tags  from  the 
International  HapMap  Project  release  22,  human  genome  build  36 
(www.hapmap.org). 

We  constructed  receiver  operating  characteristic  curves  and 
calculated  the  area  under  the  curve  (AUC)  to  evaluate  the  speci¬ 
ficity  and  sensitivity  of  predicting  1-year  survival  for  the  pooled 
dataset  by  clinical  and  epidemiological  variables  and  by  the  combi¬ 
nation  of  clinical,  epidemiological,  and  genetic  variables.  We  used 
1000  bootstrapping  samples  to  compute  a  95%  bias-corrected 
confidence  interval  for  the  difference  of  the  AUCs  between  the 
two  models  to  determine  the  statistical  significance  of  adding 
genetic  markers  to  the  model. 

Results 

The  initial  genome-wide  scan  was  performed  for  307  260  SNPs 
that  passed  strict  quality  control  measures.  In  the  discovery  phase, 
we  observed  31  751  SNPs  that  met  our  selection  criteria  ( P  <  .05; 
among  them,  20  with  P  <  10~5  and  one  with  P  <  10~6)  for  the 
analysis  focused  on  stage  III  and  IVNSCLC  patients  (Figure  1,  A). 
When  the  analysis  was  restricted  to  only  stage  IIIB  (wet)  and  IV 
patients,  30  258  SNPs  (P  <  .05;  among  them,  15  with  P  <  10~!  and 
three  with  P  <  10~6)  were  identified  (Figure  1,  B).  In  a  sensitivity 
analysis,  we  performed  two  separate  analyses  (one  with  clusters 
from  PLINK  and  the  other  with  eigenvectors  from  EIGEN  STRAT) 
to  assess  the  potential  effect  of  population  substructure  using  mul¬ 
tivariable  Cox  regression  analysis.  The  data  indicated  that  the 
patient  population  is  relatively  ethnically  homogeneous  and  the 
observed  associations  were  not  driven  by  potential  population 
substructure  (Supplementary  Table  2,  available  online). 

To  determine  which  associations  identified  in  the  discovery 
phase  were  robust,  we  identified  60  SNPs  (Supplementary  Table 
1,  available  online)  to  perform  a  fast-track  validation  study  using  an 
independent  NSCLC  patient  cohort  from  the  Mayo  Clinic 
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Figure  1.  Genome-wide  association  study  results  for  overall  survival  by 
chromosome  in  the  MD  Anderson  discovery  population.  Associations 
are  expressed  as  -log,0(P).  Pvalues  were  from  multivariable  Cox  pro¬ 
portional  hazards  models  and  were  two-sided.  A)  Association  analysis 
of  overall  survival  in  327  non-small  cell  lung  cancer  (NSCLC)  patients 
who  were  in  stage  III  and  IV  and  had  received  first-line  platinum-based 
chemotherapy  with  or  without  radiation  plotted  by  individual 
chromosomes  for  the  whole  genome.  B)  Association  analysis  of  overall 
survival  in  213  NSCLC  patients  who  were  in  stage  NIB  (wet)  and  IV  and 
had  received  first-line  platinum-based  chemotherapy  with  or  without 
radiation  plotted  by  individual  chromosomes  for  the  whole  genome. 

following  the  same  eligibility  criteria  as  the  discovery  population 
(Table  1).  As  summarized  in  Table  2,  under  the  additive  model, 
rsl878022  was  statistically  significantly  associated  with  poor  over¬ 
all  survival  in  the  MD  Anderson  discovery  population  (hazard  ratio 


[HR]  of  death  =  1.59,  95%  Cl  =  1.32  to  1.92,  P=  1.42  x  10  6),  and 
the  difference  in  survival  time  was  dependent  on  the  number  of 
variant  alleles  carried  by  the  patient  (P  =  0.001)  (Figure  2).  This 
association  reached  borderline  statistical  significance  in  the  Mayo 
Clinic  validation  population  (HR  of  death  =  1.16,  95% 
Cl  =  0.95  to  1.41,  P  =  .15)  but  was  associated  with  survival  time 
differences  in  patients  with  different  genotypes  (homozygous 
common  genotype  [TT]  vs  heterozygous  genotype  [TC]  vs  homo¬ 
zygous  variant  genotype  [CC],  P  =  .04)  (Figure  2). 

Another  candidate  SNP,  rsl0937823,  was  associated  with 
statistically  significantly  poorer  survival  in  the  MD  Anderson  dis¬ 
covery  dataset  (HR  of  death  =  2.40,  95%  Cl  =  1.67  to  3.43,  P=  1.80 
x  10  6),  the  Mayo  Clinic  validation  dataset  (HR  of  death  =  1.45, 
95%  Cl  =  1.02  to  2.08,  P  =  .04),  and  the  combined  MD  Anderson 
and  Mayo  Clinic  dataset  (HR  of  death  =  1.82,  95%  Cl  =  1.42  to 
2.33,  P  =  1.73  x  10~6).  In  the  combined  dataset,  the  median  survival 
time  for  individuals  with  the  common  homozygous  genotype 
(16.05  months)  was  statistically  significantly  longer  than  the  mean 
survival  time  for  those  carrying  the  variant-containing  genotypes 
(10.72  months,  P  =  6.76  x  ICR5). 

In  a  sensitivity  analysis,  we  repeated  the  analysis  for  rsl878022 
by  restricting  to  all  patients  who  had  chemotherapy  treatment 
before  2004,  2005,  and  2006  (ie,  those  patients  who  had  at  least  5, 
4,  and  3  years  of  follow-up).  The  associations  between  overall 
survival  and  rsl878022  were  very  similar  to  the  overall  analysis, 
and  for  the  Mayo  study,  we  observed  stronger  association  with 
poor  overall  survival  when  the  follow-up  was  longer.  We  also 
assessed  the  effect  on  overall  survival  of  rsl878022  in  patients  who 
received  radiotherapy  as  part  of  their  treatment  regimen.  In  both 
the  MD  Anderson  and  Mayo  Clinic  populations,  the  results  were 
similar  between  the  two  treatment  groups  (MD  Anderson:  chemo¬ 
therapy  and  radiotherapy,  HR  of  death  =  1.50,  95%  Cl  =  1.16  to 
1.94,  vs  chemotherapy  only,  HR  of  death  =  1.64,  95%  Cl  =  1.22 
to  2.20;  Mayo  Clinic:  chemotherapy  and  radiotherapy,  HR  of 
death  =  1.17,  95%  Cl  =  0.90  to  1.52,  vs  chemotherapy  only,  HR 


Table  1.  Characteristics  of  study  populations 


Study  population  characteristics 

MD  Anderson  discovery 

Mayo  Clinic  validation 

PLATAX  validation 
for  rsl 0937823 

PLATAX  validation 
for  rsl 878022 

Total  No.  of  patients 

327 

315 

420 

277 

Median  survival  time,  mo 

12.83 

16.28 

8.88 

8.88 

Age,  median  (range),  y 

61  (31-81) 

65  (34-88) 

59  (31-80) 

59  (31-80) 

Sex,  No.  (%) 

Male 

195  (60) 

200  (63) 

350  (83) 

232  (84) 

Female 

132  (40) 

1 1 5  (37) 

70  (17) 

45  (16) 

Clinical  stage,  No.  (%) 

Stage  IIIA 

Stage  IIIB 

45  (14) 

90  (27) 

59  (19) 

81  (26) 

66  (16) 

44  (16) 

Stage  IV 

192  (59) 

175  (56) 

354  (84) 

233  (84) 

Performance  status*,  No.  (%) 

0 

76  (26) 

98  (32) 

114  (27) 

80  (29) 

1 

186  (63) 

151  (50) 

296  (71) 

191  (69) 

2^4 

34  (11) 

53  (18) 

8  (2) 

5  (2) 

Smoking  status.  No.  (%) 

Former 

165  (50) 

198  (63) 

Unknown 

Unknown 

Current  and  recent  quitter 

162  (50) 

1 1 7  (37) 

Unknown 

Unknown 

Pack-years,  median  (range) 

40  (0.1-153) 

44  (0.5-182) 

Unknown 

Unknown 

*  Among  patients  with  performance  status  information  available. 
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Table  2.  S  ummary  results  for  rs1878022  analysis* 


Study  populations 

Dead,  No.  (%) 

Alive,  No.  {%) 

HR  (95%  Cl) 

Pt 

MD  Anderson  for  discovery  analysis 

TT 

106  (40.0) 

39  (62.9) 

1  (referent) 

— 

TC 

121  (45.7) 

21  (33.9) 

1.72  (1.29  to  2.30) 

2.07  x  10"4 

CC 

38  (14.3) 

2  (3.2) 

2.42  (1.62  to  3.62) 

1.65  x  10~5 

P 

'  trend 

NA 

NA 

1.59  (1.32  to  1.92)4 

1.42  x  10"6 

Mayo  Clinic  for  validation  analysis 

TT 

115  (42.3) 

20  (50.0) 

1  (referent) 

— 

TC 

127  (46.7) 

16  (40.0) 

1.07  (0.83  to  1.39) 

.59 

CC 

30  (11.0) 

4  (10.0) 

1.49  (0.95  to  2.33) 

.08 

P 

'  trend 

NA 

NA 

1.16  (0.95  to  1.41)4 

.15 

PLATAX  for  validation  analysis 

TT 

86  (39.6) 

32  (55.2) 

1  (referent) 

— 

TC 

104  (47.9) 

24  (41 .4) 

1.39  (1.03  to  1.86) 

.03 

CC 

27  (12.4) 

2  (3.5) 

1.37  (0.86  to  2.16) 

.18 

P 

'  trend 

NA 

NA 

1.23  (1.00  to  1 .51  )§ 

.05 

Mayo  Clinic  and  PLATAX  for 

489 

98 

1.22  (1.06  to  1.40)|| 

.005 

pooled  validation  analysis 

Overall  pooled  population 

754 

160 

1.33  (1.19  to  1 .48)  1 1 

5.13  x  10~7 

*  CC  =  homozygous  variant  genotype,  Cl  =  confidence  interval,  HR  -  hazard  ratio,  NA  =  not  applicable,  TC  =  heterozygous  genotype,  TT  =  homozygous  common 
genotype. 

t  P  values  were  calculated  by  multivariable  Cox  proportional  hazards  models  and  statistical  tests  were  two-sided. 

4  Hazard  ratio  under  the  additive  model  adjusted  for  age  (continuous),  sex  (male  or  female),  pack-years  (continuous),  clinical  stage  (II IA,  1 1 1 B  [dry],  IIIB  [wet]  or  IV), 
and  pretreatment  performance  status  (0,  1,  or  2-4). 

§  Hazard  ratio  under  the  additive  model  adjusted  age  (continuous),  sex  (male  or  female),  clinical  stage  (IIIB  [wet]  or  IV),  and  pretreatment  performance  status  (0,  1,  or  2-4). 

1 1  Hazard  ratio  under  the  additive  model  adjusted  for  age  (continuous),  sex  (male  or  female),  clinical  stage  (IMA,  IIIB  [dry],  IIIB  [wet]  or  IV),  pretreatment  performance 
status  (0,  1,  or  2-4),  and  study  site  (MD  Anderson,  Mayo  Clinic,  or  PLATAX). 


of  death  =  1.23,  95%  Cl  =  0.89  tol.69)  with  overlapping  95% 
confidence  intervals. 

To  further  provide  evidence  that  these  genetic  loci  are  associated 
with  poor  overall  survival  in  patients  receiving  platinum-based 


chemotherapy,  we  analyzed  rsl878022  and  rsl0937823  in  patients 
enrolled  in  the  PLATAX  clinical  trial.  Under  the  dominant  model, 
rs  1093  782  3  was  non-statistically  significantly  associated  with  poor 
overall  survival  in  the  PLATAX  validation  population  (HR  of 


MD  Anderson  Discovery 


B 


Mayo  Clinic  Validation 


Figure  2.  Kaplan-Meier  curves 
of  overall  survival  in  non-small 
cell  lung  cancer  patients  who 
received  platinum-based  che¬ 
motherapy  by  rs1878022  geno¬ 
type.  Overall  survival  is  shown 
for  A)  the  MD  Anderson  dis¬ 
covery  set,  B)  the  Mayo  Clinic 
validation  set,  and  C)the  PLATAX 
validation  set.  The  absolute 
numbers  of  patients  at  risk  are 
listed  below  each  Kaplan-Meier 
curve.  CC  =  homozygous  var¬ 
iant  genotype,  MST  =  median 
survival,  TC  =  heterozygous 
genotype,  TT  =  homozygous 
common  genotype.  Log-rank 
P  values  were  calculated  by  the 
two-sided  log-rank  test. 


TC: 

CC: 


145 

142 

40 


50 

41 

6 


21 

9 

1 


TC: 

CC: 


135 

143 

34 


23 

19 

1 


PLATAX  Validation 


Analysis  Time  (months) 


Number  at  Risk 

TT:  118 

61 

27 

6 

0 

TC:  128 

53 

18 

5 

0 

CC:  29 

12 

3 

0 

0 
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death  =  0.96,  95%  Cl  =  0.69  to  1.35,  P  =  .84).  Also,  rsl878022  was 
validated  in  the  PLAT AX  population  (HR  of  death  =  1.23,  95% 
Cl  =  1.00  to  1.51,  P  =  .05)  (Table  2).  However,  a  statistically  sig¬ 
nificant  difference  in  median  survival  times  (log-rank  P  =  .04)  was 
evident  based  on  the  number  of  variant  alleles.  Patients  with  the 
common  genotype  had  a  mean  survival  time  of  10.76  months  com¬ 
pared  with  8.03  and  8.91  months  for  patients  carrying  the  hetero¬ 
zygous  genotype  and  the  variant  genotype,  respectively  (Figure  2). 
This  association  was  stronger  in  a  pooled  analysis  of  the  two 
validation  datasets  (HR  of  death  =  1.22,  95%  Cl  =  1.06  to  1.40, 


P  =  .005)  and  was  highly  statistically  significant  overall  using  data 
from  all  three  studies  (HR  of  death  =  1.33,  95%  Cl  =  1.19  to  1.48, 
P=  5.13  x  1(T7). 

SNP  rsl878022  is  located  on  chromosome  12q23.3  within 
the  intron  of  the  chemokine-like  receptor  1  gene  ( CMKLR1 ). 
Haplotype  analysis  of  the  genomic  region  surrounding  rsl878022 
indicated  rsl878022  was  not  in  high  linkage  disequilibrium  with 
any  neighboring  SNPs,  thus  rsl878022  is  not  located  in  any  major 
haplotype  blocks  within  this  region  of  the  chromosome  (Figure  3). 
Imputation  of  HapMap  SNPs  within  this  genomic  region  confirmed 
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Figure  3.  Linkage  disequilibrium  structure  and  association  of  observed  and  imputed  single-nucleotide  polymorphisms  (SNPs)  surrounding 
rs1878022  on  chromosome  12.  The  linkage  disequilibrium  structure  was  created  with  the  GOLD  heat  map  Haploview  4.0  color  scheme  using  the 
standardized  disequilibrium  coefficient,  D',  with  associations  expressed  as  -log10(P)  and  calculated  by  the  multivariable  Cox  proportional  hazard 
model. 
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these  findings,  and  no  other  SNPs  demonstrated  a  statistically 
significant  association  with  poor  overall  survival  in  NSCLC 
patients  as  calculated  using  this  method. 

We  created  two  prediction  models  based  on  1-year  survival  for 
the  pooled  dataset  to  investigate  the  clinical  relevance  of  rsl  878022. 
The  AUC  based  on  the  clinical  and  epidemiological  variables  (age, 
sex,  clinical  stage,  and  pretreatment  performance  status)  was 
69.1%,  demonstrating  reasonable  predictive  power.  The  addition 
of  the  single  SNP  to  the  model  increased  the  AUC  to  70.5%. 
Results  based  on  1000  bootstrapping  samples  showed  that  the 
distribution  of  the  difference  of  the  AUCs  has  a  95%  bias-corrected 
confidence  interval  of  0.4%  to  3.4%,  indicating  a  statistically  sig¬ 
nificant  improvement  in  prediction  of  decreased  overall  survival  in 
NSCLC  patients  after  adding  rsl878022  to  the  model. 

Discussion 

To  better  understand  the  genetic  factors  modulating  response  to 
platinum-based  therapy  in  stage  III  and  IV  patients,  we  used  a 
three-stage  analytical  approach  that  took  advantage  of  two  of  the 
largest  lung  NSCLC  patient  cohorts  in  the  United  States  and 
patients  from  a  large  multicenter  clinical  trial.  Our  data  identified 
a  common  genetic  polymorphism  in  CMKLR1  that  is  statistically 
significantly  associated  with  decreased  overall  survival.  An  addi¬ 
tional  candidate  SNP  was  also  identified  that  was  non-statistically 
significantly  associated  with  an  increased  risk  of  poor  outcome  in 
our  study  populations  but  may  reach  statistical  significance  after 
further  analyses  in  a  larger  patient  population.  This  is  the  first 
genome-wide  study,  to  our  knowledge,  taking  an  unbiased  non 
candidate  gene-driven  approach  to  investigate  the  genetic  factors 
influencing  overall  survival  for  advanced-stage  NSCLC  patients 
receiving  platinum-based  chemotherapy. 

Previous  candidate  gene  studies  have  indicated  that  genetic 
variation  in  genes  within  the  platinum  drug  action  pathway  may  be 
associated  with  response  to  chemotherapy  (18).  However,  the 
observed  effect  of  each  individual  SNP  is  modest  with  a  stronger 
association  in  combined  analyses  of  multiple  risk  alleles  (8). 
Linkage  studies  using  lymphoblastoid  cell  lines  from  pedigrees  of 
Caucasian  individuals  have  indicated  that  approximately  47%  of 
the  variation  in  susceptibility  to  cisplatin-induced  cytotoxicity  is 
because  of  heritable  factors  (19).  These  results  indicate  that  there 
are  unidentified  genetic  factors  playing  a  major  role  in  determining 
patient  responses  to  platinum-based  chemotherapeutics.  Genome¬ 
wide  association  studies  of  cisplatin  cytotoxicity  in  lymphoblastoid 
cell  lines  have  also  been  performed  and  identified  several  novel 
associations  between  genetic  variation  and  cytotoxicity  (20,21). 
Similar  to  the  findings  of  our  study,  the  variants  identified  in  these 
previous  reports  were  located  within  genes  not  previously  consid¬ 
ered  as  candidates  for  chemotherapy  response. 

The  validated  SNP  rsl878022  is  an  intronic  variant  located 
within  CMKLR1  on  human  chromosome  12.  This  gene  encodes 
for  a  seven  transmembrane  G-protein  coupled  receptor  (also 
known  as  the  ChemR2  3  protein)  that  is  involved  in  several  cellular 
pathways,  including  inflammation,  adipogenesis,  and  osteoblasto- 
genesis  (22-25).  Although  primarily  expressed  on  dendritic  cells 
and  macrophages,  high  CMKLR1  protein  expression  has  been 
previously  reported  in  lung  tissue  (25).  Binding  to  this  receptor  by 


its  ligands  chemerin  and  resolvin  El  has  been  shown  to 
activate  multiple  downstream  signaling  pathways  including 
phosphoinositide-3  kinase/AKT,  mitogen-activated  protein 
kinase  (MAPK),  and  extracellular  signal-related  kinase  1  and  2 
(ERK1/2)  (24—27),  and  more  recently,  endothelial  cell  expression 
and  angiogenesis  (27).  Expression  of  CMKLR1  was  found  to  be 
higher  in  normal  mucosa  of  patients  with  esophageal  squamous 
dysplasia  patients  whose  disease  had  progressed  (28).  However,  to 
date,  no  studies  have  been  published  reporting  an  association 
between  either  CMKLR1  or  its  protein  and  lung  cancer.  Further 
studies  are  needed  to  elucidate  the  function  of  CMKLR1  and  its 
protein  specifically  within  the  context  of  lung  cancer  and  to  deter¬ 
mine  how  genetic  variation  within  this  gene  modulates  these  func¬ 
tions  resulting  in  differences  in  advanced-stage  NSCLC  patients’ 
responses  to  platinum-based  chemotherapeutics. 

The  SNP  rsl0937823  was  statistically  associated  with  decreased 
overall  survival  in  the  MD  Anderson  and  Mayo  Clinic  patient 
populations,  but  not  associated  with  decreased  overall  survival  in 
patients  enrolled  in  the  PLATAX  clinical  trial.  This  genetic  var¬ 
iant  is  located  within  an  intron,  a  gene  encoding  for  the  poorly 
characterized  SORCS2  protein.  SORCS2  contains  a  VPS  10 
domain  that  is  known  to  have  a  role  in  intracellular  trafficking  and 
lysosomal  processing  (29).  Other  members  of  this  gene  family  with 
VPS10  domains,  such  as  sortilin  ( SORT1 ),  are  known  to  be  respon¬ 
sible  for  both  trafficking  and  regulation  of  neurotrophin  signaling 
(30).  However,  SORCS2  is  mainly  located  on  the  cell  surface  and 
is  not  believed  to  have  a  major  role  in  cellular  trafficking  (31),  in 
part  because  its  VPS  10  domain  differs  from  that  of  other  members 
of  the  family  (32).  SORCS2  is  highly  expressed  in  the  brain 
and  central  nervous  system  during  development  (33,34),  and 
protein  expression  has  been  detected  in  the  developing  and  adult 
lung  (32,34).  Although  the  exact  function  of  this  receptor  is 
unclear,  several  gene  expression  studies  have  hypothesized  a  role 
for  SORCS2  in  breast  cancer  clinical  outcome  (35)  and  lymphatic 
metastasis  after  treatment  for  oral  carcinoma  (36).  Also,  SORCS2 
gene  expression  was  strongly  related  to  sensitivity  to  chemothera¬ 
peutics  in  human  gastric  cancer  cell  lines  in  vitro  (37).  Our  data 
indicate  that  rsl0937823  may  be  associated  with  overall  survival  in 
NSCLC  patients.  Additional  studies  are  necessary  to  determine  the 
function  of  SORCS2  in  NSCLC  and  further  establish  rsl0937823 
as  a  candidate  SNP  for  poor  overall  survival  in  this  patient 
population. 

Somatic  alterations  in  tumor  tissues  are  immensely  useful  in 
characterizing  the  molecular  changes  that  occur  during  cancer 
development  and  may  aid  in  selecting  the  appropriate  targeted 
therapy  for  those  patients  with  specific  mutations  (38).  However, 
platinum-based  chemotherapy  is  often  used  to  treat  patients  for 
whom  surgery  is  not  an  option  because  of  disease  severity  or  other 
preexisting  conditions,  making  it  difficult  to  screen  for  somatic 
alterations  if  tumor  specimens  are  limited.  Because  of  these  char¬ 
acteristics,  it  may  be  difficult  to  screen  for  somatic  alterations  due 
to  lack  of  tumor  availability  and  underscores  the  need  to  identify 
germline  genetic  variations  that  can  be  used  as  prognostic  and 
predictive  markers.  Furthermore,  platinum-based  chemotherapy  is 
also  used  in  the  adjuvant  setting  before  surgery.  Germline  SNPs 
are  stable  markers  that  do  not  vary  with  disease  severity  and  can 
be  screened  for  using  DNA  isolated  from  a  blood  sample  before 
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treatment.  Identification  of  these  common  genetic  polymorphisms 
that  can  reliably  predict  response  to  chemotherapy  has  the  poten¬ 
tial  to  guide  personalized  therapeutic  prediction. 

Our  study  has  two  limitations  that  are  major  concerns  inherent 
of  any  genome-wide  approach — multiple  comparisons  and  the 
presence  of  false-positive  findings.  To  address  these  issues,  we 
used  a  three-stage  study  design  in  multiple  independent  popula¬ 
tions  using  a  progressively  smaller  panel  of  candidate  SNPs.  The 
study  design  allows  for  validation  of  any  findings  from  the  large 
discovery  population  that  is  more  prone  to  false-positive  findings, 
SNPs  that  remain  statistically  significantly  associated  with 
decreased  overall  survival  across  all  study  populations  have  a  high 
likelihood  of  being  true-positive  findings,  thus  reducing  the  need 
for  strict  multiple  comparison  correction.  Future  studies  to  repli¬ 
cate  our  data  in  other  patient  populations  with  similar  treatment 
regimens  are  necessary  to  confirm  the  conclusions  of  our  study. 

Because  of  the  widespread  use  of  platinum-based  chemo¬ 
therapy  to  treat  advanced-staged  NSCLC,  it  is  difficult  to  estab¬ 
lish  SNPs  as  pharmacogenetic  markers  specific  for  response  to 
treatment  or  more  general  prognostic  markers.  This  distinction 
would  only  be  possible  with  a  parallel  analysis  in  a  platinum- 
based  chemotherapy-naive  patient  population.  Nevertheless,  by 
focusing  on  a  select  homogenous  population  of  NSCLC  patients, 
we  are  able  to  determine  that  a  statistically  significant  increase  in 
risk  of  death  is  present  in  patients  with  specific  genetic  variants 
when  treated  with  platinum-based  chemotherapy.  There  was 
only  a  moderate  statistically  significant  increase  in  risk  of  death 
associated  with  either  of  the  two  candidate  SNPs.  However,  the 
combinatorial  effect  of  multiple  SNPs  and  potential  unidentified 
gene-gene  interactions  may  result  in  a  stronger  association 
between  genetic  variants  and  risk  of  death  in  NSCLC.  This  has 
been  previously  demonstrated  for  risk  models  developed  for 
prostate  and  breast  cancers  (39,40).  Together  with  epidemiology, 
demographic,  clinical,  and  other  genetic  risk  factors,  our  findings 
have  the  potential  to  influence  personalized  treatment  by  identi¬ 
fying  patients  who  would  respond  best  to  a  specific  treatment 
regimen. 

Advanced-stage  NSCLC  patients  are  commonly  treated  with 
platinum-based  chemotherapy.  Although  this  course  of  treatment 
has  been  shown  to  increase  overall  survival,  many  patients  develop 
resistance  or  dose-limiting  side  effects  to  these  agents  and  even 
with  therapy,  the  1-year  survival  rate  is  29%  (41).  To  the  best  of 
our  knowledge,  this  is  the  first  genome-wide  study  to  assess  the 
genetic  factors  influencing  overall  survival  for  advanced-stage 
NSCLC  patients  receiving  platinum-based  chemotherapy.  This 
study  provides  additional  biomarkers  that  can  be  integrated  with 
known  epidemiological,  clinical,  and  genetic  risk  factors  to  poten¬ 
tially  identify  patients  who  are  more  likely  to  respond  to  chemo¬ 
therapy,  thereby  helping  the  physician  develop  individualized 
treatment  regimens. 
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Abstract 

Purpose:  Emerging  evidence  suggests  that  aberrant  expression  of  oncogenes  contributes  to  development 
of  lung  malignancy.  The  thyroid  transcription  factor  1  ( TITF-1 )  gene  functions  as  a  lineage  survival  gene 
abnormally  expressed  in  a  significant  fraction  of  non-small  cell  lung  cancers  (NSCLC),  in  particular  lung 
adenocarcinomas. 

Experimental  Design:  To  better  characterize  TITF-1  abnormality  patterns  in  NSCLC,  we  studied  TITF- 
1  's  gene  copy  number  using  FISH  and  quantitative  PCR,  as  well  as  its  protein  expression  by  immuno- 
histochemistry  analysis  in  a  tissue  microarray  comprising  surgically  resected  NSCLC  (N  =  321)  including 
204  adenocarcinomas  and  117  squamous  cell  carcinomas  (SCC).  TITF-1  copy  number  and  protein 
expression  were  correlated  with  patients’  clinicopathologic  characteristics,  and  in  a  subset  of  adenocarci¬ 
nomas  with  EGFR  and  KRAS  mutation  status. 

Results:  We  found  that  increased  TITF-1  protein  expression  was  prevalent  in  lung  adenocarcinomas 
only  and  was  significandy  associated  with  female  gender  (P  <  0.001),  never-smokers  (P  =  0.004),  presence  of 
EGFR  mutations  (P=  0.05),  and  better  overall  survival  (all  stages,  P=  0.0478;  stages  I  and  II,  P=  0.002).  TITF-1 
copy  number  gain(CNG)  was  detected  by  FISH  analysis  in  both  adenocarcinomas  (18.9%;  high  CNG,  8.3%) 
and  SCCs  (20.1%;  high  CNG,  3.0%),  and  correlated  significantly  with  the  protein  product  (P  =  0.004)  and 
presence  of  KRAS  mutations  (P  =  0.008)  in  lung  adenocarcinomas.  Moreover,  multivariate  analysis  revealed 
that  TITF-1  copy  number  gain  was  an  independent  predictor  of  poor  survival  of  NSCLC  (P  =  0.039). 

Conclusions:  Our  integrative  study  demonstrates  that  the  protein  versus  genomic  patterns  of  TITF-1 
have  opposing  roles  in  lung  cancer  prognosis  and  may  occur  preferentially  in  different  subsets  of  NSCLC 
patients  with  distinct  oncogene  mutations.  Clin  Cancer  Res;  17(8);  2434-43.  ©2011  AACR. 


Introduction 

It  is  estimated  that  lung  cancer  is  the  leading  cause  of 
cancer-related  deaths  in  the  United  States  (1).  The  majority 
of  diagnosed  lung  cancers  are  non-small  cell  lung  cancers 
(NSCLC)  which  include  2  major  histological  subtypes; 
lung  adenocarcinomas  and  squamous  cell  carcinomas 
(SCC;  ref  2).  Lung  adenocarcinomas  and  SCCs  appear  to 
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develop  progressively  by  different  pathogenic  phases;  SCCs 
typically  develop  near  the  central  airways,  whereas  lung 
adenocarcinomas  occur  predominantly  in  the  lung  periph¬ 
ery  (3).  Therefore,  it  is  plausible  to  assume  that  character¬ 
ization  of  molecular  and  biological  markers  for  better 
understanding  the  similarities  and  differences  in  the  devel¬ 
opment  of  the  different  subtypes  of  NSCLC  will  favorably 
impact  the  clinical  management  of  this  deadly  disease  (4). 

It  has  been  suggested  that  lineage-specific  genes,  that 
play  important  roles  in  normal  developmental  processes 
such  as  organogenesis  or  tissue  homeostasis  and  remain  to 
be  expressed  or  become  amplified  during  an  acquired 
pathological  condition,  are  crucial  for  maintenance  of 
the  disease  state  (5,  6).  Moreover,  lineage-oncogenes  have 
been  shown  to  be  important  for  mediating  the  prosurvival 
properties  of  cancer  cells  of  different  histopathological 
characteristics;  for  example,  adenocarcinomas  versus  SCCs 
(5).  In  addition,  tumor  cells  are  addicted  to  aberrant  and 
growth-promoting  cell  signaling  mediated  by  lineage-spe¬ 
cific  oncogenes  (7),  for  example,  the  presence  of  the  BCR- 
ABL  fusion  oncoprotein  in  chronic  myelogenous  leukemia 
(CML;  ref  8),  mutations  in  the  KIT  oncogene  in  gastro¬ 
intestinal  stromal  tumors  (GISTs;  ref  9)  and  mutations  in 


2434  Clin  Cancer  Res;  17(8)  April  15,  2011 


j^^T^Ammcan  Association fm  CancerResearch 


Downloaded  from  clincancerres.aacrjournals.org  on  April  5,  2012 
Copyright  ©  201 1  American  Association  for  Cancer  Research 


Published  OnlineFirst  January  21 ,2011;  DOI:1 0.1 1 58/1 078-0432. CCR-1 0-141 2 


TITF-l  Abnormalities  in  NSCLC 


Translational  Relevance 

Thyroid  transcription  factor  1  (TITF-l)  is  a  transacti¬ 
vating  factor  with  important  functions  in  the  normal 
peripheral  lung  and  that  exhibits  dysregulated  expres¬ 
sion  in  non-small  cell  lung  cancers  (NSCLC)  and 
amplification  in  a  significant  fraction  of  lung  tumors 
typical  of  a  lineage-specific  oncogene.  We  tested  the 
hypothesis  that  the  abnormal  expression  of  TITF-l  at 
the  protein  and  DNA  levels  may  occur  in  different 
subsets  of  patients  with  distinct  clinicopathological 
and  unique  molecular  features.  We  demonstrated  sig¬ 
nificant  association  of  TITF-l  protein  expression  and 
copy  number  gain  with  favorable  and  poor  prognosis, 
respectively,  in  NSCLC  patients.  Importantly,  we  unra¬ 
veled  distinct  correlations  between  TITF-l  protein 
expression  and  copy  number  gain  of  the  gene  with 
mutations  in  the  EGFR  and  KRAS  oncogenes,  respec¬ 
tively,  in  lung  adenocarcinoma.  Our  findings,  suggest 
that  lung  adenocarcinomas  exhibiting  elevated  protein 
or  copy  gain  of  TITF-l  may  be  of  different  cell  lineage 
populations  with  distinct  oncogene  mutation  patterns, 
and  therefore  subject  to  dissimilar  anticancer  therapies. 


the  epidermal  growth  factor  receptor  (EGFR)  in  lung  ade¬ 
nocarcinomas  (10-12). 

NK2  homeobox  1  (NKX2.1)  otherwise  known  as  thyroid 
transcription  factor  1  (TITF-l)  is  a  homeodomain-contain- 
ing  transactivating  factor  predominantly  expressed  in  the 
terminal  lung  bronchioles  and  lung  periphery  in  the  devel¬ 
oping  and  adult  mouse  (13-15).  In  addition,  TITF-l  is 
crucial  for  branching  morphogenesis  during  normal  lung 
development  (14-17)  and  transactivates  the  expression  of 
the  surfactant  proteins  (SP)  such  as  SPs-A,  -B,  and  -C  which 
are  in  turn  typically  expressed  in  the  Clara  cells  and  are 
important  for  the  differentiation  of  alveolar  type  II  pneu- 
mocyte  cells  in  the  peripheral  lung  (18-20).  More  recently, 
TITF-l  expression  and  function  have  been  shown  to  be 
important  in  the  etiology  of  congenital  pulmonary  disease 
(21)  and  NSCLC  (22-24).  TITF-l  is  part  of  the  14ql3.3 
cytoband  locus  which  is  amplified  in  a  significant  fraction 
of  lung  tumors  (22,  24).  In  addition,  knockdown  ofTITF-1 
expression  by  RNA  interference  results  in  lung  adenocarci¬ 
noma  cell  growth  inhibition  and  apoptosis  demonstrating 
a  lineage-specific  dependency  of  lung  adenocarcinomas  on 
TITF-l  (22-24).  In  contrast  to  the  expected  prosurvival 
properties  of  a  cell  lineage  oncogene,  TITF-l  protein  expres¬ 
sion  by  immunohistochemistry  is  a  marker  of  favorable 
prognosis  in  NSCLC  patients  (25-28)  and  is  associated 
with  good  prognosis  in  early-stage  (stage-1)  lung  adeno¬ 
carcinoma  patients  (29).  More  recently,  amplification  of 
the  TITF-l  gene  has  been  identified  in  lung  SCCs  (28) 
despite  lack  of  protein  expression;  however,  the  relevance 
of  this  copy  number  gain  to  the  clinical  outcome  of  NSCLC 
patients  is  still  unclear,  although  Weir  and  colleagues 


reported  no  significant  difference  in  patient  survival 
between  adenocarcinoma  tumors  with  or  without  ampli¬ 
fication  of  TITF-l  (24). 

In  this  study,  we  sought  to  investigate  protein  and  copy 
number  levels  of  the  TITF-l  gene  in  NSCLC  patients  and 
correlate,  in  parallel,  both  levels  of  analyses  with  the 
clinicopathological  and  molecular  features  of  the  patients. 
We  demonstrate  the  significant  and  close  association  of 
TITF-l  protein  with  the  protein  expression  of  all  3  SPs 
tested.  In  addition,  we  find  a  significant  association  of  TITF- 
1  protein  expression  and  copy  gain  with  favorable  and  poor 
prognosis,  respectively,  in  lung  adenocarcinoma  patients, 
despite  a  significant  positive  correlation  between  the  gene's 
copy  number  and  protein  expression.  Lastly,  we  unravel 
distinct  significant  correlations  between  TITF-l  protein 
expression  and  DNA  copy  gain  with  mutations  in  the  lung 
adenocarcinoma-prevalent  EGFR  and  KRAS  oncogenes. 

Methods 

Human  lung  tissues  and  tissue  microarray 

All  human  tissues  were  obtained  from  the  Lung  Cancer 
Specialized  Program  of  Research  Excellence  (SPORE)  Tis¬ 
sue  Bank  at  the  MD  Anderson  Cancer  Center.  For  each 
tissue  sample,  the  percentage  of  malignant  tissue  was 
calculated  and  the  cellular  composition  of  specimens 
was  determined  by  histological  examination  (I.I.W.)  fol¬ 
lowing  I  lematoxylin-Eosin  (H&E)  staining. 

Specimens  resected  from  NSCLC  patients  with  stages  I  to 
IV  disease  according  to  the  revised  International  System  for 
Staging  Lung  Cancer  (30)  who  had  no  prior  chemotherapy 
or  radiotherapy  were  used  for  tissue  microarray  (TMA) 
analysis  by  immunohistochemistry.  Clinicopathological 
characteristics  of  the  patients  are  summarized  in  Supple¬ 
mentary  Table  SI.  Patients  who  had  smoked  at  least  100 
cigarettes  in  their  lifetime  were  defined  as  smokers.  Sam¬ 
ples  were  fixed  in  formalin,  embedded  in  paraffin,  stained 
with  H&E,  and  reviewed  by  an  experienced  pathologist  (1.1. 
W.).  The  321  tissue  specimens  collected  from  321  patients 
included  117  SCCs  and  204  adenocarcinomas.  All  tumors 
and  lesions  were  classified  according  to  the  World  Health 
Organization  (WHO)  2004  criteria  as  previously  described 
(31).  The  TMAs  were  prepared  with  a  manual  tissue  arrayer 
(Advanced  Tissue  Arrayer  ATA100,  Chemicon  Interna¬ 
tional)  using  1-mm-diameter  cores  in  triplicate  for  tumors. 
Sections  were  then  determined  if  they  were  suitable  for 
analysis  of  TITF-l  protein  expression  by  immunohisto¬ 
chemistry  and  TITF-l  amplification  by  FISH  analysis.  Of 
the  entire  TMA  set,  179  and  170  adenocarcinomas  were 
used  for  immunohistochemistry  and  FISH  analyses,  respec¬ 
tively.  In  addition,  117  and  99  lung  SCC  sections  were  used 
for  immunohistochemistry  and  FISH  analyses,  respectively. 
Moreover,  151  lung  adenocarcinomas  were  subsequently 
analyzed  for  correlation  of  TITF- 1  expression  by  immuno¬ 
histochemistry  and  FISH  analyses.  Furthermore,  data  on 
EGFR  and  KRAS  mutational  status  were  available  and 
conducted  on  178  and  120  lung  adenocarcinoma  sections, 
respectively. 
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lmmunohistochemistry  analysis 

Tissue  section  slides  were  baked  at  56°C  overnight,  then 
deparaffinized  in  xylene  and  rehydrated  through  a  graded 
series  of  ethanol  concentrations.  Antigen  retrieval  was 
carried  out  using  a  decloaker  for  analysis  of  SP-B  expression 
and  a  steamer  (PH  =  9,  20  minutes)  for  assessment  of  TITF- 
1  protein  expression.  Intrinsic  peroxidase  activity  was 
blocked  by  3%  hydrogen  peroxide  in  IT202  for  15  minutes 
and  5%  goat  serum  (Sigma)  solution  was  used  for  blocking 
nonspecific  antibody  binding  by  incubating  at  room  tem¬ 
perature  for  60  minutes.  Slides  were  then  incubated  at 
room  temperature  for  1  hour  with  primary  antibodies 
raised  against  TITF-1  (dilution  1:100,  clone  8G7G3/1,  Cell 
Marque),  SP-A  (dilution  1:150,  clone  PE10,  Thermo  Scien¬ 
tific),  SP-B  (dilution  1:150,  clone  SPB02,  Thermo  Scien¬ 
tific),  and  SP-C  (dilution  1:300,  Chemicon).  After  3  washes 
in  Tris-buffered  saline  with  Tween-20  (TBST)  for  5  minutes 
each,  the  slides  were  incubated  with  Dako  Envision  +  Dual 
Link  for  30  minutes  at  room  temperature.  Following 
3  additional  washes  in  TBST,  the  slides  were  incubated 
with  Dako  chromogen  substrate  for  5  minutes  and  were 
counterstained  with  hemotoxylin  for  5  minutes.  The  slides 
were  read  under  microscope.  Two  pathologists  (X.T.  and 
I.W.)  examined  both  the  intensity  and  extent  of  immunos- 
taining  by  light  microscopy  using  a  x20  magnification 
objective.  Cytoplasmic  and  nuclear  expression  were  quan¬ 
tified  using  a  4-value  intensity  score  (0,  none;  1+,  weak; 
2-F,  moderate;  and  3+,  strong)  and  the  percentage  (0- 
100%)  of  the  extent  of  reactivity.  A  final  expression  score 
was  obtained  by  multiplying  the  intensity  and  reactivity 
extension  values  (range,  0-300). 

FISH  analysis 

TITF-1  DNA  was  originally  provided  by  Dr.  Warn  Lam 
(British  Columbia  Cancer  Research  Center,  Vancouver, 
British  Columbia,  Canada).  The  DNA  was  labeled  with 
Spectrum  Red  conjugated  dUTP  (Abbott  Laboratories) 
using  the  Vysis  Nick  translation  kit,  according  to  the 
manufacturer's  instructions.  A  chrl4  control  probe 
(14qll)  was  prepared  using  the  BAC  clone  RP11- 
324B11  and  labeled  with  Spectrum  Green-conjugated 
dUTP  using  the  same  procedure  as  described  above  for 
the  TITF-1  probe.  The  FISH  assay  was  conducted  on  the 
TMAs  using  a  standard  protocol  (32).  Briefly,  slides  were 
incubated  for  4  hours  at  56°C,  deparaffinized  in  Citri-Solv 
(Thermo  Fisher  Scientific),  and  were  hydrated.  The  slides 
were  then  incubated  in  2x  saline-sodium  citrate  (SSC) 
buffer  at  75°C  for  10  to  13  minutes,  digested  in  0.25  mg/ 
mL  proteinase  K/2x  SSC  at  45°C  for  10  to  13  minutes, 
washed  in  2x  SSC  for  5  minutes,  and  dehydrated.  Follow¬ 
ing  application  of  the  probe  mixtures,  samples  were  dena- 
turated  for  15  minutes  at  80°C  and  incubated  at  37°C  for 
48  hours,  after  which  post-hybridization  washes  were 
carried  out  with  2x  SSC/0.3%  NP40  (pH  7. 0-7. 5)  at 
72°C  for  2  minutes.  Slides  were  then  washed  in  2x  SSC 
for  2  min,  dehydrated  and  chromatin  was  counterstained 
with  4',6-diamidino-2-phenylindole  (DAPI;  0.3  (ig/mL 
in  Vectashield  mounting  medium.  Vector  Laboratories). 


Analysis  was  carried  out  in  epifluorescence  microscope 
using  single  interference  filters  sets  for  green  (fluorescein 
isothiocyanate,  FITC),  red  (Texas  Red),  and  blue  (DAPI)  as 
well  as  dual  (red/green)  band  pass  filters.  Monochromatic 
images  were  captured  and  merged  using  the  CytoVision 
workstation  (Genetix).  The  quality  of  the  preparation  and 
the  intensity  of  the  fluorescence  signal  were  variable  per 
slide  and  per  tissue  core.  The  assay  was  repeated  once  for 
each  array  to  obtain  results  in  higher  number  of  cores. 
Specimens  displaying  a  gene  signal  number  per  cell  of  4  or 
greater  were  considered  to  exhibit  copy  number  gain  (4- 
10  signals,  low  copy  gain;  greater  than  10  signals,  high  level 
of  copy  number  gain).  The  maximum  value  among  the 
3  cores  was  considered  to  represent  each  case. 

DNA  extraction  and  quantitative  PCR 

NSCLC  tissues  (n  =  82,  53  adenocarcinomas  and  29 
SCCs)  were  dissected  from  formalin-fixed  paraffin- 
embedded  (FFPE)  Hematoxylin-stained  tissue  sections 
using  manual  microdissection  under  stereomicroscope  to 
ensure  that  tumor  cell  proportions  are  greater  than  70%  for 
subsequent  DNA  extraction.  Tumor  DNA  was  extracted 
using  the  PicoPure  DNA  extraction  Kit  (Arcturus)  according 
to  the  manufacturer's  instructions.  Two  (iL  of  DNA  was 
added  to  a  20  pL  of  final  volume  reaction  mixture  con¬ 
sisting  of  10  pL  of  Power  SYBR  Green  PCR  Master  Mix 
(Applied  Biosystems)  and  0.5  pmol/L  of  each  of  forward 
and  reverse  primers  spanning  the  TITF-1  gene  (forward,  5'- 
gctgtgcgtttgtcgcttac-3';  reverse,  5'-ccatgccgctcatgttca-3'). 
fl-actin  gene  was  used  as  an  endogenous  reference  gene. 
TaqMan  Control  Human  Genomic  DNA  (Applied  Biosys¬ 
tems)  was  amplified  as  a  standard  control  for  calibration. 
All  samples  and  standard  DNA  reactions  were  carried  out  in 
triplicates.  Quantitative  PCR  (qPCR)  was  carried  out  using 
an  ABI  7300  Real-Time  PCR  System  Sequence  (Applied 
Biosystems)  at  50°C  for  2  minutes,  95°C  for  10  minutes, 
followed  by  40  cycles  at  95°C  for  15  seconds  and  60°C  for  1 
minutes.  The  quantity  of  the  target  genes  were  normalized 
using  the  level  of  the  fl-actin  gene,  and  expressed  as  relative 
quantities  (RQ)  compared  with  the  value  of  the  Human 
Genomic  DNA.  RQ  equal  or  larger  than  2  was  considered  as 
gene  copy  gain. 

EGFR  and  KRAS  mutational  status 

Exons  18  and  21  of  EGFR  and  exons  1  and  2  of  KRAS 
were  PCR-amplified  using  DNA  extracted  from  microdis- 
sected  tumor  cells,  as  previously  described  (33).  Each 
PCR  was  carried  out  using  HotStarTaq  Master  Mix  (Qia- 
gen)  for  40  cycles  at  94°C  for  30  seconds,  at  annealing 
temperature  for  30  seconds,  and  72°C  for  30  seconds, 
followed  by  a  7-minute  extension  at  72°C.  All  primer 
sequence  and  annealing  temperatures  are  list  in  Supple¬ 
mentary  Table  S2.  PCR  products  were  directly  sequenced 
using  the  Applied  Biosystems  PRISM  dye  terminator  cycle 
sequencing  method  (Perkin-Elmer  Corp.).  Sequence 
variants  were  confirmed  by  independent  PCR  amplifica¬ 
tions  from  at  least  2  independent  microdissections  and 
in  both  directions. 
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Statistical  analyses 

Data  were  summarized  using  descriptive  statistics  and 
frequency  tabulation.  Associations  between  categorical 
variables  were  assessed  via  cross-tabulation,  chi-squared 
tests,  and  Fisher's  exact  tests.  Differences  in  continuous 
markers  between  groups  were  tested  using  the  rank-based 
nonparametric  Wilcoxon-rank  sum  test  or  Kruskal-Wallis 
tests.  Survival  rates  were  calculated  using  the  Kaplan-Meier 
method  for  estimation  of  survival  probability.  Univariate 
and  multicovariate  Cox  proportional  hazard  models  were 
applied  to  assess  the  effects  of  covariates  on  overall  and 
recurrence-free  survival.  All  computations  were  done  in 
Statistical  analysis  Software  (SAS;  Cary)  and  S-plus  7.0 
(TIBCO  software  Inc.). 

Results 

Immunohistochemical  expression  of  TITF-l,  SP-A, 
SP-B,  and  SP-C  proteins  in  NSCLC 

We  assessed  the  protein  expression  of  TITF-l  and  the  SPs, 
SP-A,  SP-B,  and  SP-C  which  are  typically  transactivated  by 
TITF-l  (18-20),  in  a  series  of  lung  adenocarcinomas  (n  = 
179)  and  SCCs  ( n  =  117)  by  immunohistochemistry.  TITF- 
1  protein  expression  was  mainly  nuclear  (Fig.  1A),  pre¬ 
valent  in  lung  adenocarcinomas  (68.7%  with  TITF-l  pro¬ 
tein  greater  than  0)  and  absent  in  SCCs  (all  zero  TITF-l 
protein;  P  <  0.0001;  Supplementary  Table  S3).  Similarly, 
the  immunohistochemical  protein  expression  (greater  than 
a  score  of  zero)  of  SP-A  and  SP-B  was  mainly  cytoplasmic 
(Fig.  1A)  and  only  evident  in  lung  adenocarcinomas 
(19.8%  and  16.4%,  respectively)  and  was  absent  in  SCC 
(P  <  0.0001;  Supplementary  Table  S3).  In  contrast,  SP-C 
protein  was  expressed  in  both  NSCLC  subtypes  as  84.5%  of 
lung  adenocarcinomas  and  93.6%  of  SCCs  exhibited  an 
SP-C  expression  score  of  greater  than  zero  (Supplementary 


Table  S3).  A  significant  positive  correlation  was  found 
between  the  expression  of  any  of  the  3  SPs  analyzed  and 
TITF-l  expression  when  lung  adenocarcinoma  patients 
were  stratified  by  the  absence  or  presence  of  TITF-l  immu- 
noreactivity  (Table  1). 

We  then  correlated  TITF-l  protein  expression  with  other 
clinicopathological  features  besides  histology  (Table  2). 
TITF- 1  protein  expression  was  significantly  associated  with 
female  gender  (P  =  0.0001),  never-  compared  with  ever- 
smokers  (P  <  0.001),  and  never-  compared  with  former-  or 
current-smokers  (P  =  0.0004;  Table  2). 

We  next  asked  whether  TITF- 1  protein  expression  exhi¬ 
bits  prognostic  properties  in  lung  adenocarcinomas,  the 
NSCLC  subtype  where  it  is  predominantly  expressed.  Lung 
adenocarcinoma  patients  with  higher  than  the  median 
expression  of  TITF-l  protein  (>125)  exhibited  favorable 
survival  compared  with  patients  with  lower  expression  (less 
than  total  score  of  125;  P  =  0.0478  of  the  log-rank  test) 
with  a  ITR  of  0.639  (Fig.  IB).  Similar  results  were  obtained 
when  stages  I  and  II  lung  adenocarcinoma  patients  (n  = 
140)  were  analyzed  alone  using  the  same  cut-off  for  TITF- 1 
protein  expression  (P  =  0.01  of  the  log-rank  test,  FIR  = 
0.485;  Fig.  1C).  In  contrast  to  those  findings,  no  significant 
association  was  found  between  TITF- 1  protein  expression 
and  recurrence-free  survival  in  lung  adenocarcinoma 
patients  (data  not  shown).  In  addition,  multivariate  Cox 
proportional  hazard  regression  analysis  revealed  that  TITF- 
1  protein  expression  was  not  an  independent  predictor  of 
overall  or  recurrence-free  survival  in  lung  adenocarcinoma 
(data  not  shown). 

TITF-l  gene  amplification  in  NSCLC  and  association 
with  clinicopathological  features 

We  next  assessed  the  gene  dosage  levels  of  the  TITF-l 
gene  in  NSCLC  patients  by  2  different  methodologies,  copy 


Figure  1.  TITF-1 

immunohistochemical  expression 
in  NSCLC.  A,  representative 
photomicrographs  of  the 
immunohistochemical  expression 
of  TITF-1 ,  SP-A,  SP-B,  and  SP-C. 
Kaplan-Meier  survival  probability 
plots  of  all  stages  (B)  and  stages 
I  and  II  only  (C)  lung 
adenocarcinoma  patients 
stratified  by  TITF-1  protein 
expression.  P  values  were 
obtained  by  the  log-rank  test.  E/N, 
censored  events/total  number  of 
cases. 


A 


TITF-1  SP-A 


SP-B  SP-C 


B 

All  stage  adenocarcinomas 


c 

Stages  I  and  II  adenocarcinomas 


www.aacrjournals.org 


Clin  Cancer  Res;  17(8)  April  15,  2011 


2437 


Downloaded  from  clincancerres.aacrjournals.org  on  April  5,  2012 
Copyright  ©  201 1  American  Association  for  Cancer  Research 


Published  OnlineFirst  January  21 ,2011;  DOI:1 0.1 1 58/1 078-0432. CCR-1 0-141 2 


Tang  et  al. 


Table  1.  Correlation  of  the  immunohistochemical  protein  expression  of  TITF-1  and  the  SP-A,  SP-B,  and 
SP-C  SPs  in  lung  adenocarcinomas 


Covariate  (n) 

Covariate  expression  (n) 

TITF-1  negative,  n  (%) 

TITF-1  positive,  n  (%) 

P 

SP-A  (171) 

Negative  (135) 

49  (36) 

86  (64) 

0.004 

Positive  (36) 

4(11) 

32  (89) 

SP-B  (168) 

Negative  (137) 

47  (34) 

90  (66) 

0.002 

Positive  (31) 

2(7) 

29  (94) 

SP-C  (171) 

Negative  (23) 

14  (61) 

9  (39) 

0.0005 

Positive  (148) 

37  (25) 

111  (75) 

NOTE:  P  values  were  obtained  by  the  Fisher's  exact  test.  TITF-1  immunoreactivity  greater  than  zero  was  considered  positive. 


number  gain  and  amplification  by  FISH  (170  lung  adeno¬ 
carcinomas  and  99  SCCs)  and  copy  gain  by  qPCR  in  46 
lung  adenocarcinomas  and  36  SCCs.  TITF-1  copy  number 
gain  by  FISH  was  found  in  18.9%  of  lung  adenocarcinomas 
and  in  20.2%  of  lung  SCCs  (Fig.  2A  and  Supplementary 
Table  S4).  A  high  level  of  TITF-1  copy  number  gain  (>10 
copies)  was  found  in  8.3%  and  3.0%  of  lung  adenocarci¬ 
nomas  and  SCCs,  respectively  (Supplementary  Table  S4). 
Two  lung  adenocarcinoma  cases  and  1  case  of  lung  SCC 
were  found  to  have  greater  than  20  signals  per  cell;  the  high 
level  of  TITF-1  copy  gain  by  FISH  detected  in  the  SCC  case  is 
depicted  in  Supplementary  Figure  1.  We  then  determined 
to  correlate  TITF-1  protein  with  its  DNA  copy  gain  in  lung 
adenocarcinomas  as  both  variables  were  assessed  and 
found  in  these  set  of  patients.  A  significant  positive  correla¬ 
tion  was  found  between  the  TITF- 1  protein  expression  (as  a 
continuous  score  variable)  with  the  presence  of  TITF-1  copy 
gain  assessed  by  FISH  (P  =  0.004;  Fig.  2B)  in  lung  adeno¬ 
carcinomas.  The  mean  and  median  of  the  TITF- 1  protein 
score,  assessed  by  immunohistochemical  analysis,  were 
200.69  ±  115.73  and  240  (min,  0;  max,  300),  respectively, 
in  TITF-1  FISH-positive  lung  adenocarcinoma  patients  (n  = 
29)  and  127.1  ±  122.61  and  93  (min,  0;  max,  300), 
respectively,  in  TITF-1  FISFI-negative  adenocarcinoma  spe¬ 
cimens  (n  =  122). 


We  also  assessed  TITF-1  copy  number  gain  by  qPCR  in  a 
subset  of  patients  that  we  had  analyzed  by  FISH  ( n  =  82,  46 
lung  adenocarcinomas  and  36  SCCs).  A  similar  percentage 
of  lung  adenocarcinomas  (18.4%)  and  SCCs  (18.2%) 
exhibited  greater  than  3  copies  of  TITF-1  analyzed  by  qPCR 
(Supplementary  Table  S5).  Similar  to  the  FISH  analysis, 
a  slightly  higher  percentage  of  lung  adenocarcinomas 
(10.2%)  displayed  a  higher  ratio  (>5)  of  TITF-1  copy  gain 
than  that  of  SCCs  (4.6%,  Supplementary  Table  S5).  More¬ 
over,  we  found  a  significant  correlation  between  levels  of 
TITF-1  copy  gain  by  FISH  and  qPCR  analyses  in  both 
lung  adenocarcinomas  (P  =  0.0037)  and  lung  SCCs 
(P  =  0.048).  The  mean  and  median  levels  of  relative 
TITF-1  RQ  by  qPCR  in  TITF-1  FISH-positive  lung  adeno¬ 
carcinomas  ( n  =  11)  were  5.12  ±  5.55  and  3.41  (min,  0.53; 
max,  21),  compared  with  2.49  ±4.31  and  1.41  (min,  0.48; 
max,  24.22)  in  FISFI-negative  adenocarcinomas  (n  =  35). 
In  addition,  the  mean  and  median  levels  of  TITF-1  RQ 
assessed  by  qPCR  in  TITF-1  FISH-positive  SCCs  (n  =  9) 
were  13.61  ±  24.16  and  2.23  (min,  0.82;  max,  74.93), 
compared  with  1.64  ±1.18  and  1.28  (min,  0.56;  max,  4.8) 
in  TITF-1  FISI  I-negative  SCCs. 

We  next  investigated  the  role  of  TITF-1  copy  number  gain 
by  FISH  in  prognosis  of  both  lung  adenocarcinoma  and 
SCC  patients  because  we  detected  TITF-1  gain  in  both 


Table  2.  Association  of  TITF-1  protein  expression  with  NSCLC  histology,  gender,  tobacco  history,  and 
smoking  habits 


Covariate 

Covariate  type  ( n ) 

TITF-1  negative,  n  (%) 

TITF-1  positive,  n  (%) 

P 

Gender 

Female  (148) 

65  (43.9) 

83  (56.1) 

<0.0001 

Male  (135) 

95  (70.4) 

40  (29.6) 

Tobacco  history 

Never  (53) 

17  (32.1) 

36  (67.9) 

0.0001 

Ever  (229) 

142  (62) 

87  (38) 

Smoking  habit 

Never  (53) 

17  (32.1) 

36  (67.9) 

0.0004 

Former  (1 40) 

86  (61 .4) 

54  (38.6) 

Current  (89) 

56  (62.9) 

33  (37.1) 

Histology 

Adenocarcinoma  (1 79) 

56  (31 .3) 

123  (68.7) 

<0.0001 

SCC  (104) 

104  (100) 

0(0) 

P  values  were  obtained  by  the  Fisher's  exact  test. 
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Figure  2.  TITF-1  copy  number 
gain  in  NSCLC.  A,  representative 
photomicrographs  (magnification 
xIOOO)  of  lung  adenocarcinoma 
(left)  and  SCC  (right)  cells  with 
copy  number  gain  of  TITF-1 .  B, 
statistically  significant  differences 
in  TITF-1  protein  score  between 
lung  adenocarcinomas  with  and 
without  TITF-1  copy  gain  by  FISH. 
P  value  was  determined  by  the 
nonparametric  Wilcoxon-rank 
sum  test.  C,  Kaplan-Meier  curves 
of  the  overall  survival  of  NSCLC 
patients  ( n  =  269)  based  on  the 
presence  or  absence  of  TITF-1 
copy  number  gain  by  FISH.  D,  Cox 
proportional  multivariate  hazard 
model  of  overall  survival  of 
NSCLC  patients. 
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0.18675 
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subtypes  of  NSCLC.  NSCLC  patients  with  TITF-1  copy 
number  gain  (low  and  high)  by  FISH  (ns  51,  33  adeno¬ 
carcinomas  and  18  SCCs)  displayed  a  trend  for  poorer 
survival  (P  =  0.08)  compared  with  NSCLC  patients  lacking 
TITF-1  copy  number  gain  ( n  =  218,  137  adenocarcinomas 
and  81  SCCs).  However,  multivariate  Cox  proportional 
hazard  regression  analysis  revealed  that  copy  number  gain 
of  the  TITF-1  gene  by  FISH  was  an  independent  predictor  of 
poor  survival  in  NSCLC  alone  with  age  (P  <  0.0001),  and 
stage-I  disease  (P  <  0.0001;  Fig.  2D).  Similar  results  were 
obtained  when  NSCLC  patients  were  dichotomized  on  the 
basis  of  the  presence  or  absence  of  high  level  of  TITF-1  copy 
gain  (>10  signals;  data  not  shown). 

Association  of  TITF-1  protein  and  copy  number  gain 
with  EGFR  and  KRAS  mutations  in  lung 
adenocarcinoma 

Molecular  abnormalities  in  the  expression  or  function  of 
KRAS  and  EGFR  contribute  to  tumor  development  and 
progression  and  therefore  serve  as  crucial  targets  for  mole- 
cularly  driven  target-specific  therapies  (2,  34).  We  had 
previously  investigated  the  prevalence  of  EGFR  and  KRAS 
mutations  in  our  clinical  sample  sets  and  correlated  the 
extent  of  the  mutations  of  those  2  oncogenes  with  patients’ 
clinicopathological  features  (33,  35).  However,  the  rela¬ 
tionship  of  TITF-1  abnormalities  with  the  mutational  pat¬ 
tern  of  oncogenes  prevalent  in  lung  adenocarcinoma,  for 
example,  EGFR  and  KRAS,  is  not  well  understood.  There¬ 
fore,  we  sought  to  correlate  the  presence  of  mutations  in  the 
KRAS  and  EGFR  oncogenes  with  DNA  copy  gain  and 
protein  levels  of  the  TITF-1  gene.  Interestingly,  the  protein 
levels  and  gene  dosage  extent  of  TITF-1  exhibited  different 
correlation  patterns.  TITF-1  protein  expression  as  a  con¬ 


tinuous  variable  displayed  border-line  significant  positive 
correlation  with  the  presence  of  EGFR  mutations  (P  =  0.05; 
Supplementary  Fig.  2).  The  mean  and  median  levels  of 
TITF-1  immunohistochemical  protein  in  EGFR  mutant 
lung  adenocarcinomas  (n  =  22)  were  183.94  ±  124.58 
and  225  (min,  0;  max,  300),  compared  with  124.62  ± 
121.06  and  100  (min,  0;  max,  300)  in  EGFR  wild-type 
adenocarcinomas  ( n  =  137).  No  significant  differences 
were  found  in  TITF-1  protein  expression  between  KRAS 
mutant  (n  =  10;  mean,  126.67  ±  127.57;  median,  75)  and 
wild  type  (n  =  94;  mean,  1 12.78  ±  1 17.68;  median,  66.67) 
lung  adenocarcinomas.  On  the  other  hand,  TITF-1  copy 
gain  by  FISH  displayed  a  significant  positive  correlation 
with  the  presence  of  KRAS  mutations  as  55%  or  6  of  11 
KRAS  mutant  patients  exhibited  TITF-1  copy  number  gain 
compared  with  15.9%  of  patients  with  wild-type  KRAS  (14 
of  88  patients;  P  =  0.008  of  the  Fisher's  exact  test;  Table  3). 
Moreover  and  in  accordance  with  the  analysis  of  TITF-1 
protein  expression  as  a  continuous  variable,  64%  of  lung 
adenocarcinoma  patients  with  mutant  EGFR  exhibited  a 
TITF-1  protein  score  greater  than  or  equal  to  200  compared 
with  33%  of  patients  with  wild-type  EGFR  (P  =  0.006; 
Table  3).  These  new  findings  further  demonstrate  the 
dissimilarities  between  the  extent  of  protein  and  DNA  of 
TITF-1  in  lung  adenocarcinomas  with  EGFR  versus  KRAS 
mutations. 

Discussion 

In  this  study,  we  investigated  the  protein  and  DNA 
copy  number  gain  of  the  TITF-1  cell  lineage  gene  in 
a  TMA  comprised  mainly  of  lung  adenocarcinomas 
and  SCCs  and  in  correlation  with  molecular  and 
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Table  3.  Significant  positive  associations  of  TITF-1  copy  number  and  TITF-1  protein  expression  with 
mutations  in  KRAS  and  EGFR,  respectively 

TITF-1  FISH  TITF-1  IHC  >  200a 


Covariate 

Covariate  type 

n  Positive/total  (%) 

P 

n  Positive/total  (%) 

P 

EGFR 

Mutant 

5/16  (31) 

0.338 

14/22  (64) 

0.006 

wild  type 

27/133  (20) 

45/137  (33) 

KRAS 

Mutant 

6/11  (55) 

0.008 

3/10  (30) 

0.933 

wild  type 

14/88  (16) 

27/94  (29) 

P  values  were  obtained  by  the  Fisher's  exact  test. 

aTITF-1  immunoreactivity  greater  than  or  equal  to  200  was  considered  positive. 


clinicopathological  features.  We  found  that  immuno- 
histochemical  protein  expression  of  TITF-1  is  prevalent 
in  lung  adenocarcinomas  and  absent  in  SCCs,  correlates 
positively  and  significantly  with  the  protein  expression 
of  the  SP-A,  SP-B,  and  SP-C  SPs  and  with  female  gender 
and  never  smoking  status.  Moreover,  copy  gain  of  TITF-1 
DNA,  assessed  by  FISH,  was  observed  in  both  adenocar¬ 
cinomas  and  SCCs  and  correlated  positively  and  signifi¬ 
cantly  with  TITF-1  protein  in  lung  adenocarcinomas  as 
well  as  copy  gain  in  NSCLC  assessed  by  qPCR.  Interest¬ 
ingly,  while  higher  expression  of  TITF-1  protein  was 
predictive  of  favorable  prognosis  in  lung  adenocarcino¬ 
mas,  TITF-1  copy  number  gain  was  an  indicator  of  poor 
survival  in  NSCLC.  Lastly,  TITF-1  protein  and  DNA  copy 
gain  exhibited  distinct  correlations  with  oncogene  muta¬ 
tion  status  in  lung  adenocarcinomas  as  the  former  cor¬ 
related  significantly  with  EGFR  mutations,  whereas  the 
latter  was  associated  with  mutations  in  KRAS.  The  oppos¬ 
ing  prognostic,  clinicopathological  and  molecular  char¬ 
acteristics  of  TITF-1  protein  expression  and  copy  number 
gain  suggest  that  different  subsets  of  NSCLC  patients  may 
express  TITF-1  through  different  cellular  mechanisms. 

Our  findings  on  the  association  of  higher  levels  of  TITF- 1 
protein  expression  with  favorable  prognosis  and  overall 
survival  are  in  accordance  with  previous  findings  by  inde¬ 
pendent  groups  (25-29).  In  this  study,  we  further  investi¬ 
gated  TITF-1  protein  expression  in  clinical  samples  of 
NSCLC  by  correlating  its  expression  with  that  of  3  SPs, 
SP-A,  SP-B,  and  SP-C.  We  unraveled  significant  associations 
of  TITF-1  protein  expression  with  that  of  the  3  SPs.  It  is 
noteworthy  that  staining  patterns  of  TITF- 1  in  the  devel¬ 
oping  and  adult  lung  are  very  similar  to  those  observed  for 
the  3  SPs  (18-20,  36).  Moreover,  TITF-1  is  known  to 
facilitate  the  differentiation  of  alveolar  type  II  cells,  in  part, 
by  transactivating  the  expression  of  the  3  surfactant  genes 
following  direct  binding  on  their  promoter  regions  (18-20, 
36).  It  is  worthy  to  mention  that  the  combined  use  of 
Napsin  A,  an  aspartic  proteinase  involved  in  the  matura¬ 
tion  of  SP-B,  and  TITF-1  results  in  improved  sensitivity  and 
specificity  for  identifying  pulmonary  adenocarcinoma  in 
primary  lung  tumors  and  in  metastatic  settings  (37).  Here, 
we  provide  new  evidence  of  positive  association  of  TITF- 1 


protein  and  that  of  the  3  major  SPs  in  clinical  specimens  of 
human  lung  adenocarcinoma.  These  findings  raise  the 
possibility  of  the  combined  use  of  TITF- 1  and  SP  expression 
in  the  diagnosis  of  pulmonary  adenocarcinomas  as  the 
usage  of  TITF-1  with  any  of  the  SPs  may  increase  the 
number  of  adenocarcinoma  cases  with  positive  expression 
of  either  marker. 

We  tested  the  association  of  TITF- 1  protein  expression 
with  prognosis  in  lung  adenocarcinomas  because  we  only 
noted  the  protein  in  this  subtype  of  NSCLC.  In  contrast,  we 
analyzed  the  prognostic  capacity  of  TITF-1  copy  number 
gain  in  lung  adenocarcinomas  and  SCCs  as  we  detected 
increased  TITF-1  gene  dosage  in  both  subtypes  of  NSCLC.  It 
is  worthwhile  to  note,  that  Kwei  and  colleagues  previously 
demonstrated  amplification  of  TITF-1  assessed  by  compara¬ 
tive  genomic  hybridization  (CGH)  in  both  lung  adenocar¬ 
cinomas  and  SCCs,  albeit  at  a  lower  frequency  (11%  and 
3%,  respectively;  ref  22).  In  the  present  study,  we  detected 
TITF-1  both  low  and  high  copy  number  gain  in  20.1%  of 
lung  SCCs  assessed.  Specifically,  17.2%  of  lung  SCCs  exhib¬ 
ited  low  level  of  amplification  (4-10  copies,  data  not 
shown)  and  3%  (3  cases)  displayed  high  level  of  TITF-1 
copy  number  gain  (>10  copies,  Supplementary  Table  S4), 
which  is  similar  to  the  rate  of  amplification  found  in  lung 
SCC  in  the  previously  reported  CGH  study  by  Kwei  and 
colleagues  (22).  Interestingly,  we  also  found  that  1  case  of 
lung  SCC  harbored  greater  than  20  copies  of  TITF-1  (Sup¬ 
plementary  Fig.  1).  It  is  worthwhile  to  note  that  a  recent 
study  by  Bass  and  colleagues  using  single  nucleotide  poly¬ 
morphism  (SNP)  arrays  showed  the  absence  of  TITF-1 
amplification  in  a  set  of  lung  SCCs  (n  =  47;  ref  5).  In  our 
study  and  as  mentioned  before,  only  3  of  99  lung  SCCs  were 
found  to  display  more  than  greater  than  10  signals  of  TITF-1 
per  cell  that  we  considered  to  harbor  high  copy  gain  of  the 
gene  rather  than  amplification.  Due  to  the  lack  normal¬ 
ization  to  DNA  content,  a  shortcoming  in  our  FISH  analysis, 
it  is  not  clear  whether  specimens  displaying  high  level  of 
TITF-1  copy  number  gain  actually  harbor  amplified  TITF-1 . 

We  found  a  significant  positive  correlation  between  TITF- 
1  protein  expression  and  DNA  copy  number  levels  assessed 
by  FISH  analysis  in  lung  adenocarcinomas.  Previously, 
Perner  and  colleagues  demonstrated  a  similar  positive 
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correlation  between  the  protein  products  and  the  DNA 
copy  gain  levels  of  the  TITF-l  gene  (28).  Moreover,  we 
further  demonstrated  that,  unlike  the  association  of  TITF-l 
protein  with  overall  survival  of  lung  adenocarcinoma 
patients,  TITF-l  copy  gain  by  FISH  analysis  appears  to 
be  a  marker  of  poor  prognosis  in  NSCLC.  We  also 
attempted  to  investigate  the  survival  of  lung  adenocarci¬ 
noma  patients  alone  with  TITF-l  copy  number  gain  stra¬ 
tified  by  the  presence  or  absence  of  TITF-l  protein 
expression.  Lung  adenocarcinoma  patients  with  copy  num¬ 
ber  gain  of  TITF-l  displayed  worse  survival  than  adeno¬ 
carcinoma  patients  with  both  copy  gain  and  protein 
expression  (data  not  shown),  demonstrating  the  associa¬ 
tion  of  TITF-l  copy  number  gain  and  TITF-l  protein 
expression  with  poor  and  good  prognosis,  respectively, 
in  the  lung  adenocarcinoma  population  alone.  The  better 
survival  correlations  with  TITF-l  protein  and  worse  out¬ 
comes  associated  with  TITF-l  copy  gain  are  in  close  agree¬ 
ment  with  those  reported  earlier  by  Barletta  and  colleagues 

(38) .  It  is  uncertain  why  protein  levels  and  DNA  copy  gain 
of  TITF-l  have  opposing  associations  with  prognosis  of 
NSCLC  patients  including  lung  adenocarcinomas  alone. 
However,  it  is  worthwhile  to  mention  that  oncogene  copy 
number  gain  is  a  feature  of  cell  lineage  genes  that  elicit 
prosurvival  functions  important  for  the  population  of  cells 
expressing  the  oncogene  or  for  the  pathological  condition, 
that  is,  cancer,  whose  cells  are  driven  by  amplification 
of  the  oncogene  (5,  6).  In  this  context,  it  is  not  surprising 
that  NSCLC  patients  exhibiting  copy  number  gain  of  the 
TITF-l  gene  display  poor  survival  and  these  findings  no 
longer  become  counterintuitive.  Moreover,  it  is  plausible  to 
suggest  that  TITF-l  copy  number  gain  may  be  more  reliable 
than  protein  expression  for  studying  cell  lineage  patterns  of 
expression  in  NSCLC.  It  is  noteworthy  that  TITF-l  protein 
was  found  to  be  elevated  in  primary  lung  adenocarcinoma 
compared  with  matched  metastatic  lesions  in  the  brain 

(39) .  This  is  in  accordance  with  our  findings  and  the  results 
of  previous  reports  by  other  groups  (25-29)  on  the  utility 
of  TITF-l  protein  expression  as  a  marker  of  favorable 
prognosis  in  lung  cancer.  Interestingly,  Tanaka  and  collea¬ 
gues  reported  that  TITF-l  gene  dosage,  which  we  demon¬ 
strated  in  this  study  to  be  a  marker  of  dismal  prognosis  in 
NSCLC,  was  higher  in  metastatic  sites  compared  with 
primary  lung  tumors  (23).  Therefore,  our  current  findings 
and  previous  reports  by  others  suggest  that  lung  adeno¬ 
carcinoma  cells  with  either  elevated  TITF-l  protein  expres¬ 
sion  or  copy  gain  of  the  TITF-l  gene  may  originate  from 
different  cell  populations  with  dissimilar  biological  proper¬ 
ties  and  effects  on  patient  clinical  outcome.  Congruent  with 
this  probable  thought,  is  our  novel  finding  that  TITF-l 
protein  expression  and  TITF-l  gene  copy  number  were 
associated  with  mutations  in  different  oncogenes  in  lung 
adenocarcinomas.  Our  current  study  shed  light  on  positive 
associations  between  TITF-l  gene  dosage  and  protein 
expression  level  with  mutations  in  the  KRAS  and  EGFR 
oncogenes,  respectively.  It  is  noteworthy,  that  over¬ 
expression  of  HRAS  inhibits  the  mRNA  and  protein  levels 
of  TITF-l  as  well  as  its  transcriptional  factor  function  (40). 


Thus,  it  is  plausible  to  suggest  that  TITF-l  copy  number  gain 
is  favored  in  lung  adenocarcinomas  with  mutant  KRAS. 
Since,  mutations  in  EGFR  and  KRAS  occur  almost  mutually 
exclusively  in  lung  adenocarcinomas  (2),  our  results  suggest 
that  elevated  expression  of TTFF- 1  may  be  variably  controlled 
(copy  gain  versus  transcription)  in  distinct  subsets  of  lung 
adenocarcinoma  patients.  Moreover,  the  association  ofTITF- 
1  protein,  but  not  copy  gain,  with  EGFR  mutations  is  in 
accordance  with  our  finding  on  the  increased  levels  of  TITF- 1 
protein  in  never-smoker  compared  with  ever-smoker  lung 
cancer  patients. 

It  has  been  suggested  that  other  genes  within  the  TITF-l 
amplicon  (14ql3.3)  may  facilitate,  cooperate  with,  or  even 
enhance  the  prosurvival  biological  properties  of  TITF-l 
(22,  24,  41,  42).  Kwei  and  colleagues  and  Weir  and  col¬ 
leagues  reported  the  location  of  several  genes  within  the 
TITF-l  amplicon  including  the  paired  box  transcriptional 
factor  family  member  PAX9  and  NKX2.8  (22,  24).  It  is 
worthy  to  note  that  Kendal  and  colleagues  demonstrated 
that  coamplified  TITF-l,  PAX9,  and  NKX2.8  exhibit  onco¬ 
genic  cooperation  and  cell  prosurvival  and  proliferative 
properties  (42).  Overexpression  of  both  TITF-l  and 
NKX2.8  simultaneously  in  BEAS-2B  immortalized  human 
bronchial  epithelial  cells  elicited  the  highest  increase  in  cell 
colony  growth  compared  with  single-gene  transfected  cells 

(42) .  Moreover,  pathway  genes  signatures  that  overlap 
downstream  of  both  TITF-l  and  NKX2.8  defined  lung 
adenocarcinoma  patients  with  most  dismal  prognosis  com¬ 
pared  with  signatures  downstream  of  either  transcriptional 
factor  alone  (41).  It  is  therefore  tempting  to  speculate  that 
co-amplification  or  copy  gain  of  NKX2.8  and/or  PAX9 
together  with  TITF-l  may  contribute  to  the  observed  poor 
survival  patterns  observed  in  NSCLC  patients  exhibiting 
copy  gain  of  the  TITF-l  gene  compared  with  patients  with 
exhibiting  only  elevated  expression  of  the  protein  product 
of  this  cell  lineage  gene.  It  is  also  plausible  that  TITF-l  copy 
gain  and  its  correlation  with  important  biological  out¬ 
comes  in  NSCLC  may  only  be  a  surrogate  marker,  for 
example,  in  SCCs,  of  another  molecular  defect  in  a  gene 
nearby  or  within  the  14ql3.3  amplicon,  for  example 
NKX2.8  or  PAX9.  It  is  worthwhile  to  mention  that 
NKX2.8  displays  dissimilar  patterns  of  expression  relative 
to  those  of  TITF-l  in  the  developing  and  adult  mouse  lung 

(43) .  Therefore,  it  is  possible  that  expression  of  the  NKX2.8 
protein  or  its  copy  number  gain  may  subdivide  patients 
exhibiting  positive  expression  of  TITF-l  protein  into  sub¬ 
sets  with  different  clinical  outcomes.  Moreover,  lung  SCC 
patients  with  copy  number  gain  of  the  TITF-l  gene,  as 
shown  in  this  study  and  previously  (28,  38),  may  display 
positive  expression  of  the  NKX2.8  protein  and  that  trans¬ 
activation  of  TITF-l  may  be  inhibited  in  lung  SCCs  and  not 
in  adenocarcinomas  by  yet  unknown  mechanisms. 

In  summary  and  herein,  we  further  highlight  the  cell 
lineage  pattern  of  TITF-l  in  human  NSCLC  and  its  correla¬ 
tion  at  the  protein  level  with  that  of  SPs  in  clinical  speci¬ 
mens  of  lung  adenocarcinoma.  Moreover,  we  demonstrate 
that  TITF-l  protein  and  gene  dosage  are  associated  with 
discordant  clinical  outcomes.  We  also  noted  in  lung  SCCs 
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TITF-1  copy  number  gain  in  the  absence  of  protein  expres¬ 
sion  which  warrants  future  studies.  Furthermore,  we  high¬ 
light  previously  unknown  associations  of  TITF-1  gene 
dosage  and  protein  expression  with  differing  oncogene 
mutation  patterns  suggesting  that  lung  adenocarcinomas 
exhibiting  elevated  protein  or  amplification  of  the  gene 
may  be  further  divided  into  different  cell  lineage  subsets 
that  can  be  subject  to  distinct  treatment  strategies. 
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Background  Mutations  in  the  v-Ki-ras2  Kirsten  rat  sarcoma  viral  oncogene  homolog  (KRAS)  play  a  critical  role  in  cancer  cell 
growth  and  resistance  to  therapy.  Most  mutations  occur  at  codons  12  and  13.  In  colorectal  cancer,  the  presence 
of  any  mutant  KRas  amino  acid  substitution  is  a  negative  predictor  of  patient  response  to  targeted  therapy. 
However,  in  non-small  cell  lung  cancer  (NSCLC),  the  evidence  that  KRAS  mutation  is  a  predictive  factor  is 
conflicting. 

Methods  We  used  data  from  a  molecularly  targeted  clinical  trial  for  215  patients  with  tissues  available  out  of  268  evalu¬ 
able  patients  with  refractory  NSCLC  to  examine  associations  between  specific  mutant  KRas  proteins  and  pro¬ 
gression-free  survival  and  tumor  gene  expression.  Transcriptome  microarray  studies  of  patient  tumor  samples 
and  reverse-phase  protein  array  studies  of  a  panel  of  67  NSCLC  cell  lines  with  known  substitutions  in  KRas 
and  in  immortalized  human  bronchial  epithelial  cells  stably  expressing  different  mutant  KRas  proteins  were 
used  to  investigate  signaling  pathway  activation.  Molecular  modeling  was  used  to  study  the  conformations  of 
wild-type  and  mutant  KRas  proteins.  Kaplan-Meier  curves  and  Cox  regression  were  used  to  analyze  survival 
data.  All  statistical  tests  were  two-sided. 


Results  Patients  whose  tumors  had  either  mutant  KRas-Gly12Cys  or  mutant  KRas-Gly12Val  had  worse  progression-free  sur¬ 
vival  compared  with  patients  whose  tumors  had  other  mutant  KRas  proteins  or  wild-type  KRas  (P  =  .046,  median 
survival  =  1.84  months)  compared  with  all  other  mutant  KRas  (median  survival  =  3.35  months)  or  wild-type  KRas 
(median  survival  =  1.95  months).  NSCLC  cell  lines  with  mutant  KRas-Gly12Asp  had  activated  phosphatidylinosi- 
tol  3-kinase  (PI-3-K)  and  mitogen-activated  protein/extracellular  signal-regulated  kinase  kinase  (MEK)  signaling, 
whereas  those  with  mutant  KRas-Gly12Cys  or  mutant  KRas-Gly12Val  had  activated  Ral  signaling  and  decreased 
growth  factor-dependent  Akt  activation.  Molecular  modeling  studies  showed  that  different  conformations 
imposed  by  mutant  KRas  may  lead  to  altered  association  with  downstream  signaling  transducers. 

Conclusions  Not  all  mutant  KRas  proteins  affect  patient  survival  or  downstream  signaling  in  a  similar  way.  The  heterogeneous 
behavior  of  mutant  KRas  proteins  implies  that  therapeutic  interventions  may  need  to  take  into  account  the  spe¬ 
cific  mutant  KRas  expressed  by  the  tumor. 

J  Natl  Cancer  Inst  2012;104:228-239 


Approximately  30%  of  all  human  cancers  have  a  mutation  in  the 
v-Ki-ras2  Kirsten  rat  sarcoma  viral  oncogene  homolog  (KRAS), 
which  encodes  a  GTPase  that  is  essential  for  normal  signaling; 
mutant  KRAS  plays  a  critical  role  in  cancer  cell  growth  and  resis¬ 
tance  to  therapy  (1).  In  colorectal  cancer,  the  presence  of  a  KRAS 
mutation  predicts  resistance  to  therapies  that  target  the  epidermal 
growth  factor  receptor  (EGFR)  and  is  predictive  of  poor  prognosis 
(2).  Less  clear  is  the  role  of  KRAS  mutations  as  a  predictive  factor 
in  non-small  cell  lung  cancer  (NSCLC):  Some  studies  have  shown 


a  weak  association  with  resistance  to  treatment  and  other  studies 
have  shown  no  association  (3). 

KK4S  mutations  in  patient  tumors  are  limited  to  a  few  sites; 
most  mutations  occur  in  codon  12,  whereas  codons  13,  10,  and 
61  are  much  less  frequently  mutated  (1).  Codon  12  or  13  KRAS 
mutations  result  in  base  changes  that  lead  to  amino  acid  substitu¬ 
tions  that  lock  the  KRas  protein  in  an  active  state  (4).  The 
frequency  and  spectrum  of  KK4S  mutations  in  codons  12  and  13 
differs  among  cancer  types.  For  example,  the  most  common  KRAS 
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mutation  in  colorectal  tumors,  as  in  most  solid  tumors  including 
NSCLCs  in  nonsmoking  patients,  is  a  G  to  A  transition  (92%  of 
mutations);  a  G  to  A  transition  at  codon  12  and/or  codon  13  results 
in  KRas  proteins  in  which  the  wild-type  glycine  (Gly)  residue  is 
replaced  by  an  aspartate  (Asp;  approximately  50%  of  tumors),  a 
valine  (Val;  28%  of  tumors),  or  a  cysteine  (Cys;  9%  of  tumors) 
(1,5,6).  In  NSCLC  in  patients  who  smoke,  the  most  common 
KRAS  mutation  is  a  G  to  T  transversion  (84%  of  mutations),  and 
the  most  common  amino  acid  replacements  at  codon  12  and/or 
codon  13  are  Cys  (47%  of  tumors),  Val  (24%),  Asp  (15%),  and 
alanine  (7%)  (1,6-8). 

KRas  has  the  ability  to  activate  multiple  downstream  signaling 
pathways  that  have  been  implicated  as  independent  drivers  of 
tumorigenesis,  including  those  involving  phosphatidylinositol 
3 -kinase  (PI-3-K),  mitogen-activated  protein/extracellular  signal- 
regulated  kinase  kinase  (MEK),  v-ral  simian  leukemia  viral  onco¬ 
gene  homolog  ras  related  (Ral),  mammalian  target  of  rapamycin 
(mTOR),  and  p70  S6  kinase  (9).  In  this  study,  we  used  data  from  a 
recently  completed  biopsy-required,  biomarker-driven,  molecu- 
larly  targeted  multi-arm  trial  in  patients  with  refractory  NSCLC 
to  examine  the  associations  between  mutant  KRas  proteins  bearing 
different  amino  acid  substitutions  and  patient  response  to  molecu- 
larly  targeted  therapy.  We  analyzed  tumor  transcriptome  microar¬ 
ray  data  for  expression  of  cell  cycle  genes.  We  used  a  panel  of 
NSCLC  cell  lines  with  known  amino  acid  substitutions  in  KRas  to 
identify  pathways  activated  by  the  different  mutant  KRas  proteins. 
Linally,  we  used  molecular  modeling  to  examine  interactions 
between  wild-type  and  mutant  KRas  proteins  and  downstream 
signaling  transducers. 

Methods 

BATTLE  Clinical  Trial 

To  analyze  associations  between  specific  mutant  KRas  amino  acid 
substitutions  and  patient  survival,  we  used  data  from  the  prospec¬ 
tive  phase  II  Biomarker-integrated  Approaches  of  Targeted 
Therapy  for  Lung  Cancer  Elimination  (BATTLE)  trial  in  patients 
with  refractory  NSCLC  who  had  agreed  to  a  baseline  tumor 
biopsy  (10).  The  BATTLE  trial  used  an  adaptive  method  to 
randomly  assign  patients  with  refractory  NSCLC  who  agreed  to  a 
have  a  baseline  biopsy  of  their  tumor  to  one  of  four  trial  arms 
testing  treatments  with  erlotinib,  vandetanib,  bexarotene  and 
erlotinib,  or  sorafenib.  The  primary  endpoint  of  the  trial  was 
disease  control  rate  at  8  weeks.  Radiographic  imaging  of  tumors 
was  reviewed  to  determine  suitability  of  patients  for  biopsy. 
Patients  who  were  18  years  of  age  or  older  and  had  an  adequate 
performance  status  (Eastern  Cooperative  Oncology  Group  grade 
0-2)  were  eligible  for  the  trial.  Although  previous  treatment  with 
erlotinib  was  allowed,  patients  who  had  received  erlotinib  were 
excluded  from  the  erlotinib-containing  study  arms.  Patients  with 
stable  (for  at  least  4  weeks)  or  treated  brain  metastases  were 
included  in  the  trial.  All  participants  provided  written  informed 
consent.  The  BATTLE  trial  enrolled  341  patients,  and,  among 
them,  255  were  randomly  assigned.  Of  the  341  patients  enrolled, 
268  had  tumor  tissue  available  for  KRAS  mutation  analysis,  and  of 
these,  48  had  a  mutant  KRAS  in  their  tumor.  Of  the  255  patients  who 
were  randomly  assigned,  215  had  tumor  tissue  available  for  KRAS 


CONTEXT  AND  CAVEATS 

Prior  knowledge 

KRas  protein  is  a  GTPase  involved  in  signal  transduction,  and 
mutant  KRas  plays  a  critical  role  in  cancer  cell  growth  and  resis¬ 
tance  to  therapy.  Mutant  KRas  proteins  with  any  amino  acid  substi¬ 
tution  are  a  negative  predictor  of  patient  response  to  targeted 
therapy  in  colorectal  cancer.  However,  there  is  inconsistent  evi¬ 
dence  that  mutant  KRAS  is  a  predictive  factor  in  non-small  cell 
lung  cancer  (NSCLC). 

Study  design 

Data  from  a  clinical  trial  of  patients  with  refractory  NSCLC  were 
used  to  examine  associations  between  specific  mutant  KRas 
proteins  and  patient  response  to  molecularly  targeted  therapy  and 
tumor  gene  expression.  Microarray  analysis  was  used  to  identify 
signaling  pathways  activated  in  67  NSCLC  lines  that  expressed 
different  mutant  KRas  proteins. 

Contribution 

Mutant  KRas-Gly12Cys  and  mutant  KRas-Gly12Val  were  associated 
with  decreased  progression-free  survival  compared  with  other 
mutant  KRas  or  wild-type  KRas.  NSCLC  cell  lines  with  mutant 
KRas-Gly12Asp  had  activated  phosphatidylinositol  3-kinase  and 
mitogen-activated  protein/extracellular  signal-regulated  kinase 
kinase  signaling,  whereas  those  with  mutant  KRas-Gly12Cys  or 
mutant  KRas-Gly12Val  had  activated  Ral  signaling  and  decreased 
growth  factor-dependent  Akt  activation. 

Implication 

Therapeutic  interventions  may  need  to  take  into  account  the 
specific  mutant  KRas  protein  expressed  by  the  tumor. 

Limitations 

Only  the  major  forms  of  mutant  KRas  in  NSCLC  and  three  down¬ 
stream  signaling  pathways  were  considered.  The  patient  response 
results  may  only  be  applicable  to  the  types  of  molecularly  targeted 
agents  used  in  the  clinical  trial. 
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mutation  analysis  and  were  also  evaluable  for  the  progression-free 
survival. 

Microarray  Analysis  of  Patient  Tumor  Gene  Expression 
Profiles 

We  conducted  microarray  analysis  of  mRNA  expression  on  frozen 
tumor  core  biopsy  samples  front  101  patients  who  had  been  ran¬ 
domly  assigned  to  a  BATTLE  treatment  arm  (27  to  erlotinib, 
eight  to  erlotinib  and  bexarotene,  47  to  sorafenib,  and  19  to  van¬ 
detanib)  and  were  evaluable  for  8-week  disease  control.  Core 
tumor  biopsy  samples  were  taken  from  each  patient  before  treat¬ 
ment  at  either  the  primary  lung  tumor  or  a  metastatic  site. 
Approximately  one-third  of  the  core  from  each  sample  was  used 
for  total  RNA  extraction  and  global  gene  expression  analysis.  RNA 
was  extracted  from  tissue  embedded  in  Tissue-Tek  OCT  com¬ 
pound  (Ted-Pella  Inc,  Reding,  CA)  using  the  RNeasy  Mini  Kit 
(Qiagen,  Valencia,  CA)  including  on-column  DNase  (Qiagen, 
Valencia,  CA)  digestion  as  described  by  the  manufacturer’s  proto¬ 
col.  Hematoxylin-  and  eosin-stained  sections  of  all  of  the  samples 
were  available  to  check  for  the  presence  of  cancer  cells.  RNA 
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quantification  was  done  using  a  Nanodrop  Technologies  ND-1000 
spectrophotometer  (Thermo  Scientific,  Wilmington,  DE).  All 
RNA  samples  were  serially  diluted  in  RNAse-free  water  to  obtain 
a  2  5 0-pg/pL  stock  solution.  RNA  quality  was  ensured  by  analyzing 
a  separation  trace  of  RNA  using  the  RNA6000  PicoAssay  for  the 
Bioanalyzer  2100  (Agilent  Technologies,  Palo  Alto,  CA).  Aliquots 
of  RNA  were  prepared  and  stored  at  —  80°C.  Each  aliquot  was 
used  once.  The  decision  to  submit  the  RNA  sample  for  amplifica¬ 
tion  was  based  on  its  purity  (ie,  ratio  of  the  absorbance  at  260  nm 
to  that  at  280  nm  [260/280  ratio]  >2.0),  and  an  RNA  integrity 
number  (RIN)  greater  than  7  or  when  the  RIN  number  was  low 
or  not  available,  the  presence  of  an  electrophoretic  trace  on  a 
case-by-case  basis.  We  used  0.5-50  ng  of  RNA  for  amplification, 
which  was  performed  using  a  WT -Amplification  Pico  kit  (NuGEN, 
San  Carlos,  CA).  The  amplification  products  were  labeled  using  an 
FL-Ovation  cDNA  Biotin  Module  V2  (NuGEN)  according  to  the 
manufacturers’  protocols.  The  quantity  and  quality  of  the  ampli¬ 
fied  cRNA  was  reassessed  with  the  use  of  an  ND  1000  spectropho¬ 
tometer  and  Agilent  Bioanalyzer  (Agilent  Technologies).  When 
the  RIN  was  lower  than  7,  amplification  and  labeling  were 
repeated.  Hybridization  mixtures  were  prepared  according  to 
Affymetrix  procedures  (Affymetrix,  Santa  Clara,  CA)  to  accommo¬ 
date  5  pg  of  cDNA  targets  from  NuGEN  amplification  with  an 
RNA  integrity  number  greater  than  7.  Hybridization  was  per¬ 
formed  with  the  use  of  a  Human  Gene  l.ST  platform  (Affymetrix) 
according  to  the  manufacturer’s  protocols.  All  steps  from  hybrid¬ 
ization  to  the  generation  of  raw  microarray  data  were  carried  out 
at  the  University  of  Texas  MD  Anderson  Cancer  Center  Microarray 
and  Affymetrix  Facility.  Gene  chips  were  scanned  using  an 
Affymetrix  7G  scanner  (Affymetrix),  and  images  (DAT  files)  were 
converted  to  CEL  files  using  GCOS  software  (Affymetrix). 

Cells  and  Culture  Conditions 

A  panel  of  67  NSCLC  cell  lines  (11,12)  were  provided  by 
Dr  J.  D.  Minna  and  grown  in  RPMI-1640  medium  (Hyclone, 
Logan,  UT)  with  10%  fetal  bovine  serum  (FBS;  Aleken  Biologicals, 
Nash,  TX)  as  previously  described.  Immortalized  human  bronchial 
epithelial  cells  with  specific  short  hairpin  RNA  (shRNA)  knock¬ 
down  of  p53  mRNA  (HBECsiP53)  (13,14)  were  maintained  in 
K-SFM  medium  containing  50  pg/mL  of  bovine  pituitary  extract 
(BPE)  and  5  ng/mL  of  epidermal  growth  factor  (EGF)  (all  from 
Life  Technologies,  Carlsbad,  CA).  All  cell  lines  were  tested  to 
confirm  the  absence  of  mycoplasma  using  an  e-Myco  PCR  detec¬ 
tion  kit  (Boca  Scientific,  Boca  Raton,  FL).  The  identities  of  the 
NSCLC  cell  lines  were  confirmed  through  DNA  fingerprinting  by 
the  University  of  Texas  MD  Anderson  Cancer  Center 
Characterized  Cell  Line  Core  Service  at  the  time  of  total  protein 
lysate  preparation.  Mutant  XR/lS-transfected  HBECsiP53  were 
sequenced  to  confirm  the  specific  KH4S  mutation  (Supplementary 
Figure  1,  available  online). 

Preparation  of  Protein  Lysates  and  Reverse-Phase  Protein 
Array  (RPPA) 

For  each  cell  line  including  HBECsiP53,  we  prepared  a  protein 
lysate  from  cells  harvested  from  subconfluent  cultures  that  were 
incubated  for  24  hours  in  medium  containing  no  or  10%  FBS.  For 
total  protein  lysate  preparation,  the  medium  was  removed,  and  the 


cells  were  washed  twice  with  ice-cold  phosphate-buffered  saline 
(PBS)-containing  Complete  protease  inhibitor  cocktail  tablets  and 
PhosSTOP  Phosphatase  inhibitor  cocktail  tablets  (two  tablets  each 
per  500  mL  PBS;  Roche  Applied  Science,  Mannheim,  Germany) 
and  1  niM  Na3V04.  Lysis  buffer  (1%  Triton  X-100,  50  niM 
HEPES  [pH  7.4],  150  mM  NaCl,  1.5  mM  MgCl2,  1  mM  EGTA, 
100  mM  NaF,  10  mM  Na4P207,  10%  glycerol,  1  mM  phenylmeth- 
ylsulfonyl  fluoride,  1  mM  Na3V04,  and  10  pg/mL  aprotinin)  was 
added  to  the  cells,  and  samples  were  vortexed  frequently  on  ice 
for  20  minutes,  followed  by  microcentrifugation  at  18000g  for 
10  minutes.  Cleared  supernatants  were  collected,  and  protein  was 
measured  using  a  BCA  protein  assay  kit  (Pierce  Biotechnology  Inc, 
Rockford,  IL).  Specific  signaling  proteins  and  phosphoproteins 
were  then  quantified  by  RPPA,  using  mouse  monoclonal  anti¬ 
bodies  specifically  validated  for  RPPA  use  (listed  in  Supplementary 
Table  1,  available  online)  at  optimized  concentrations  as  previ¬ 
ously  described  (12).  Lysate  was  applied  to  slides  for  RPPA 
analysis.  For  each  cell  line,  a  serial  dilution  of  five  concentrations 
of  the  lysate  was  deposited  on  slides  using  a  pin-based  Aushon’s 
2470  microarrayer  (Aushon  Biosystems,  Billerica,  MA),  with  10% 
of  the  samples  replicated  for  quality  control.  Immunostaining  was 
performed  with  the  use  of  an  automated  autostainer  (BioGenex, 
San  Ramon,  CA).  Each  array  was  incubated  with  primary  antibody, 
and  signal  was  detected  using  a  catalyzed  signal  amplification 
system  (Dako  Cytomation  California  Inc,  Carpinteria,  CA).  After 
quantification,  the  data  were  logarithmically  transformed  (base  2) 
for  further  processing  and  analysis. 

Immunoblotting  and  Immunoprecipitation 

Cells  were  washed  twice  with  ice-cold  PBS  and  then  once  with  a 
lysis  buffer  containing  50  mmol/L  HEPES  (pH  7.5),  50  mmol/L 
NaCl,  0.2  mmol/L  NaF,  0.2  mmol/L  Na3V04,  1  mmol/L  phenyl- 
methylsulfonyl  fluoride,  20  pg/mL  aprotinin,  20  pg/mL  leupeptin, 
1%  Nonidet  P-40,  and  0.25%  sodium  deoxycholate.  The  protein 
concentration  of  each  cell  lysate  was  determined  by  the  BCA 
protein  assay  (Pierce  Biotechnology),  and  50  pg  of  each  lysate  was 
boiled  for  5  minutes  in  a  denaturing  buffer  containing  0.25  mol/L 
Tris-HCl  (pH  6.8),  35%  glycerol,  8%  sodium  dodecyl  sulfate, 
and  10%  2-mercaptoethanol,  loaded  on  a  10%  acrylamide- 
bisacrylamide  gel,  and  resolved  by  electrophoresis  at  150  V  for 
40  minutes.  Proteins  were  electrophoretically  transferred  to  a 
nitrocellulose  membrane.  The  membrane  was  preincubated  for 
30  minutes  in  a  blocking  buffer  (137  mmol/L  NaCl,  2.7  mmol/L 
KC1,  897  mmol/L  CaCl2,  491  mmol/L  MgCl2,  3.4  mmol/L 
Na2HP04,  593  mmol/L  KH2P04,  and  5%  bovine  serum 
albumin)  and  then  incubated  overnight  with  rabbit  monoclonal 
anti-phospho-Akt  (Thr308),  phospho-Akt  (Ser473),  anti-phospho- 
p70  S6  kinase  (Thr389),  or  anti-Akt  antibodies  or  rabbit  polyclonal 
anti-phospho-Mapk  (Thr202/Tyr204)  antibodies  (1:1000  dilution; 
Cell  Signaling  Technology,  Danvers,  MA).  A  goat  polyclonal  anti- 
lamin  A/C  antibody  and  a  mouse  monoclonal  anti-(3-actin  anti¬ 
body  (Santa  Cruz  Biotechnology,  Santa  Cruz,  CA)  were  used  at 
1:2000  dilution.  Horseradish  peroxidase-coupled  donkey  anti¬ 
rabbit  immunoglobulin  G  secondary  antibody  (1:2000  dilution; 
GE  Healthcare,  Piscataway,  NJ)  was  used  for  primary  antibody 
detection,  and  a  Western  Lightening  chemiluminescence  kit 
(Perkin  Elmer,  Waltham,  ALA)  was  used  to  detect  antibody 
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binding  to  the  membrane.  For  measurement  of  active  RalA  and 
RalB,  we  used  RalA  and  RalB  activation  kits  (Millipore,  Billerica, 
MA).  Briefly,  to  measure  active  (ie,  GTP-bound)  RalA  or  RalB, 
HBECsiP53  cells  were  incubated  for  1  hour  at  4°C  with  Ral 
binding  protein  conjugated  to  beads.  The  beads  were  isolated  by 
centrifugation  at  18000g,  washed  with  PBS,  denatured,  and  sub¬ 
jected  to  electrophoresis  on  polyacrylamide  gels.  RalA  and  RalB 
were  detected  by  immunoblotting  using  a  Renaissance  chemilumi¬ 
nescence  system  (NEN,  Boston,  MA)  on  Kodak  X-Omat  Blue  ML 
film  (Eastman  Kodak,  Rochester,  NY) 

Lentiviral  Vector  Construction 

Lentiviral  vectors  expressing  wild-type  KRAS,  mutant  KRAS- 
Glyl2Cys,  or  mutant  KRAS- Glyl2Asp  were  constructed  from  a 
previously  described  vector,  pLenti6-K/WS-V12  (14),  using  a  site- 
directed  mutagenesis  kit  (Stratagene,  La  Jolla,  CA)  according 
to  the  manufacturer’s  instructions.  Correct  sequences  were  con¬ 
firmed  by  sequencing  for  all  vectors.  Viral  transduction  was  per¬ 
formed  as  described  previously  (13)  by  transiently  transfection  of 
each  viral  vector  into  293FT  packaging  cells  with  Viral  Power 
Packaging  Mix  (Invitrogen,  Carlsbad,  CA)  according  to  the  manu¬ 
facturer’s  instructions.  Virus-containing  medium  was  harvested 
48-96  hours  later  and  filtered  through  a  0.45-pm  filter. 
HEBECsiP53  cells  were  stably  infected  with  virus-containing 
media  and  4  pg/mL  polybrene  (Sigma,  St  Loius,  MO)  for  16  hours 
followed  by  selection  for  5  days  in  2  pg/mL  blasticidin  (Invitrogen). 
All  variants  of  KRAS  were  confirmed  by  DNA  sequencing 
(Supplementary  Figure  1,  available  online).  RNA  was  extracted 
from  the  transformed  cells  and  reverse  transcribed  to  cDNA  using 
an  iScript  cDNA  Synthesis  kit  (Bio-Rad,  Hercules,  CA).  cDNA 
was  amplified  using  primers  that  bind  either  side  of  the  codon  12 
mutation  (Forward  primer:  5'-GACTGAATATAAACTTGTG 
GTAGTTGGACCT-3';  Reverse  primer:  5'-TCCTCTTGACC 
TGCTGTGTCG-3')  and  HotStar  Taq  polymerase  (Qiagen, 
Germantown,  MD),  and  the  amplified  products  were  purified  with 
the  use  of  a  QiaQuick  CleanUp  kit  (Qiagen,  Germantown,  MD). 
Products  were  sequenced  using  the  forward  printer  and  Big  Dye 
Terminator  v3.1  chemistry  (Applied  Biosystems,  Foster  City,  CA) 
on  an  Applied  Biosystems  3730x1  instrument  and  purified  with  the 
use  of  Sephadex  G-50  in  Millipore  Multiscreen  plates  (Millipore). 

HBECsiP53  Plastic  and  Soft  Agar  Growth  Assays 

For  cell  growth  assays  on  plastic,  2000  HBECsiP53  KRAS- 
transfected  or  wild-type  cells  were  plated  per  well  in  96-well  plates 
(Griener,  Monroe,  SC)  and  allowed  to  attach  for  16  hours.  At 
various  times  up  to  100  hours  of  growth,  cell  number  was  mea¬ 
sured  using  phenazine  methosulfate  (Sigma-Aldrich,  St  Louis, 
MO)  activation  of  methylthiazol  tetrazolium  (Promega,  Madison, 
WI)  and  colorimetric  measurement  at  490  nm  using  a  FLUOstar 
Omega  Spectrometer  (BMG  Labtech,  Cary,  NC).  Readings  for 
eight  wells  were  averaged  per  time  point.  Each  plate  contained 
four  wells  with  no  cells  as  a  control  background  reading,  which  was 
subtracted  from  the  samples  from  that  plate.  The  experiment  was 
performed  in  triplicate  three  times.  Soft  agar  growth  assays  were 
performed  as  previously  described  (13).  Briefly,  HBECsiP53  cells 
were  seeded  at  1000  cells  per  well  in  12 -well  plates  in  triplicate  in 
K-SFM  medium  supplemented  with  20%  FBS,  50  pg/mL  BPE, 


and  5  ng/mL  EGF  and  incubated  for  4  weeks.  The  cells  were 
stained  with  0.005%  crystal  violet  and  colonies  (defined  as  >50  cells) 
were  counted  at  x4  magnification.  Results  are  the  average  of  three 
experiments. 

Molecular  Modeling 

We  retrieved  the  structures  of  Harvey  rat  sarcoma  viral  oncogene 
homolog  (HRas)  proteins  in  the  PI-3-K/HRas  complex  (Protein 
Data  Bank  entry  code:  1HE8)  (15)  and  ral  guanine  nucleotide 
dissociation  stimulator  (RaLGDS)/HRas  heterotetramer  complex 
(Protein  Data  Bank  entry  code:  1LFD)  (16)  from  the  Protein  Data 
Bank  and  used  them  as  templates  to  build  molecular  models  of 
wild-type  KRas,  mutant  KRas-Glyl2Cys,  and  mutant  KRas- 
Glyl2Asp.  The  homology  models  were  energetically  minimized 
using  the  NAMD  software  (17),  and  the  resulting  KRas 
homology  models  were  superimposed  to  the  HRas  protein  in 
1HE8  and  1LFD,  thus  generating  three  PI-3-K/KRas  complexes 
and  three  RaLGDS/KRas  complexes.  Molecular  dynamics  simula¬ 
tions  of  various  forms  of  KRas  in  complex  with  PI-3-K  or 
RaLGDS  were  carried  out  as  previously  described  (14).  The 
topology  and  parameter  for  GTP  were  generated  as  the  chimeric 
analog  of  ATP  and  guanine  using  the  CHARMM27  force  field 

(18) .  Each  protein  complex  was  solvated  in  a  water  box  in  which 
every  protein  atom  was  at  least  8  A  away  from  the  boundary  of  the 
box.  Sodium  chloride  at  100  niM  was  added  to  the  water  box  to 
neutralize  the  system  charges.  Following  equilibration  of  the 
system  for  400  picoseconds,  we  then  conducted  8-nanosecond 
molecular  dynamics  simulations  while  recording  the  trajectory 
(snapshot  structures  of  the  simulated  system)  every  200  femtosec¬ 
onds.  Trajectories  of  the  last  6  nanoseconds  for  the  six  protein 
complexes  were  superimposed  using  the  WORDOM  software 

(19) .  The  average  structure  for  each  protein  complex  was  calcu¬ 
lated  with  WORDOM  and  then  optimized  with  the  carbon- 
tethered  energy  minimization  method  of  the  Molecular  Operating 
Environment  software  package  (Chemical  Computing  Group, 
Montreal,  Canada)  to  reduce  structural  defects.  The  snapshot 
structures  of  each  protein  complex  were  taken  every  100  picosec¬ 
onds,  and  we  used  the  ZRANK  program  (20)  to  calculate  the 
ZRANK  score,  an  estimate  of  the  relative  binding  affinities  of 
different  forms  of  KRas  to  PI-3-K  or  RaLGDS  in  which  a  lower 
score  indicates  tighter  binding. 

Statistical  Analysis 

Descriptive  statistics  were  used  to  summarize  all  data.  Dot  plots, 
bar  charts,  and  box  plots  were  used  where  appropriate  to  provide  a 
graphic  assessment  of  the  distributions  of  the  data.  Colony 
numbers  for  the  soft  agar  growth  assay  for  different  cell  line 
groups  were  compared  using  one-way  analysis  of  variance.  The 
Kaplan-Meier  method  was  used  to  estimate  the  survival  function 
for  progression-free  survival,  and  multivariable  Cox  regression 
analysis  was  applied  to  the  patient  survival  data.  The  effects 
of  multiple  treatments,  subtypes  of  KRas  mutation,  and  their 
interactions  were  controlled  for  by  Cox  regression.  Unsupervised 
cluster  analysis  was  used  for  the  microarray  and  RRPA  data  using 
the  Pearson  correlation  distance  between  proteins,  Euclidean 
distance  between  cell  lines,  and  Ward  linkage  rule.  The  statistical 
analyses  of  microarray  data  were  performed  using  R  Development 
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Core  Team  (version  2.7.0,  2010;  R  Foundation  for  Statistical 
Computing,  Vienna,  Austria.  ISBN  3-900051-07-0;  URL 
http://www.R-project.org).  RRPA  data  were  logarithmically  trans¬ 
formed  (base  2)  for  processing  and  analysis.  We  chose  a  somewhat 
arbitrary  false  discovery  rate  of  0.3  because  it  struck  a  good  balance 
between  the  number  of  statistically  significant  markers  and  a 
reasonable  P  value  threshold  for  statistical  significance.  As  a  result, 
we  selected  66  statistically  significant  markers,  with  a  corresponding 
P  value  of  .015,  for  the  cluster  analysis.  All  statistical  tests  were 
performed  with  a  two-sided  5%  type  I  error  rate. 

Results 

Association  Between  KRas  Proteins  and  NSCLC  Patient 
Survival 

The  recently  completed  BATTLE  trial  for  patients  with  refractory 
NSCLC  who  received  either  erlotinib,  vandetanib,  bexarotene  and 
erlotinib,  or  sorafenib  reported  that  grouping  all  KRAS  muta¬ 
tions  together  was  not  associated  with  either  overall  survival  or 
progression-free  survival  (P  =  .086)  (10).  We  examined  whether 
specific  KRAS  mutations  were  associated  with  survival.  Of  the  341 
patients  enrolled  in  the  BATTLE  trial,  268  had  tumor  KRAS 
mutation  analysis  performed.  Of  those  patients,  48  had  a  KRAS 
mutation:  one  patient  (2%)  had  a  mutation  at  codon  10,  42  (88%) 
had  a  mutation  at  codon  12,  two  (4%)  had  a  mutation  at  codon  13, 
and  three  (6%)  had  a  mutation  at  codon  61  (Table  1).  We  also 
analyzed  the  BATTLE  data  for  the  association  between  different 
amino  acid  substitutions  in  mutant  KRas  and  progression-free 
survival.  Among  the  255  patients  who  were  randomly  assigned  to 
a  treatment  group,  215  had  tissues  available  for  the  KRAS  mutation 
analysis  and  were  evaluable  for  the  progression-free  survival.  We 
found  that  43  patients  had  mutant  KRas:  24  patients  had  Cys  or 
Val  substitution  at  codon  12  and  19  patients  had  other  amino  acids 


Table  1.  KRas  mutation  status  of  all  BATTLE*  trial  patients  with 
available  tumor  tissue  (n  =  268) 


Amino  acid  substitution 
or  mutated  codon 

Patient  population  distribution 

Cys  or  Val 
(n  =  26) 

Other  amino 
acid  (n  =  22) 

Wild  type 
(n  =  220) 

Amino  acid  at  codon 

of  interest 

Gly 

0 

0 

220 

Ala 

0 

5 

0 

Asp 

0 

11 

0 

Cys 

17 

0 

0 

Val 

8 

0 

0 

Cys  and  Val 

1 

0 

0 

Other 

0 

6 

0 

Mutated  codon 

None 

0 

0 

220 

10 

0 

1 

0 

12 

26 

16 

0 

13 

0 

2 

0 

61 

0 

3 

0 

*  BATTLE  stands  for  Biomarker-based  Approaches  of  Targeted  Therapy  for 
Lung  Cancer  Elimination.  This  is  a  biomarker-based  adaptive  random  trial  in 
stage  IV  recurrent  non-small  cell  lung  cancer  patients  to  evaluate  the  8-week 
disease  control  rate  of  four  regiments  of  targeted  agents. 


substitutions  at  codon  12  (Figure  1,  A).  Mutant  KRas-Glyl2Cys 
and  KRas-Glyl2Val  was  associated  with  a  statistically  significantly 
decreased  progression-free  survival  (P  =  .046,  median 

survival  =  1.84  months)  compared  with  all  other  mutant  KRas 
(median  survival  =  3.35  months)  or  wild-type  KRas  (median 
survival  =  1.95  months)  (Figure  1,  A).  The  negative  association 
between  a  Cys  or  Val  substitution  at  codon  12  and  progression- 
free  survival  was  most  pronounced  for  patients  in  the  sorafenib 
treatment  arm  ( P  =  .026)  (Figure  1,  B).  Although  only  three 
patients  in  the  vandetanib  arm  had  either  mutant  KRas-Glyl2Cys 
or  mutant  KRas-Glyl2Val,  we  observed  a  statistically  significant 
association  between  these  mutations  and  with  decreased  progres¬ 
sion-free  survival  (P  =  .001).  There  was  no  association  between 
tumors  that  expressed  mutant  KRas-Glyl2Cys  or  mutant  KRas- 
Glyl2Val  and  progression-free  survival  in  either  erlotinib  treat¬ 
ment  arm;  we  suspect  this  is  because  of  the  high  incidence  of 
multiple  EGFR  mutations  that  was  seen  in  the  NSCLC  patients  in 
the  BATTLE  trial  (10). 

Tumor  Microarray  Transcriptome  Analysis 

We  next  performed  a  supervised  cluster  analysis  of  microarray 
transcriptome  data  from  tumors  front  the  BATTLE  trial  to  iden¬ 
tify  genes  whose  expression  differed  statistically  significantly 
between  tumors  that  expressed  either  mutant  KRas-Glyl2Cys  or 
mutant  KRas-Glyl2Val  and  those  that  expressed  other  mutant 
forms  of  KRas.  We  identified  genes  that  most  accurately  defined 
the  differences  between  these  two  mutant  KRas  groups,  thereby 
allowing  clustering  of  the  patients  into  two  groups  (Ligure  1,  C; 
Supplementary  Data,  available  online).  Genes  that  defined  the  two 
groups  included  the  cell  cycle  regulators  PLK1  (polo-like  kinase  1), 
CCNB1  (cyclin  B),  and  CCNE1  (cyclin  E),  whose  expression  was 
lower  in  tumors  expressing  either  mutant  KRas-Glyl2Cys  or 
mutant  KRas-Glyl2Val  and  higher  in  the  remaining  mutant  KRas 
tumors,  compared  with  tumors  expressing  wild-type  KRas. 

Effect  of  Mutant  Forms  of  KRas  on  Downstream  Signaling 
in  NSCLC  Cell  Lines 

To  examine  the  effect  of  mutant  forms  of  KRas  on  protein  signal 
transduction,  we  conducted  a  comprehensive  RRPA  analysis  across 
a  panel  of  67  genetically  characterized  NSCLC  cell  lines  com¬ 
paring  specific  signaling  protein  expression  in  lines  that  expressed 
either  mutant  KRas-Glyl2  or  13  Cys  or  mutant  KRas-Glyl2Val  (n 
=  13  cell  lines),  with  cell  lines  that  expressed  any  other  mutant 
KRas  (n  =  9  cell  lines)  and  wild-type  KRas  (n  =  45  cell  lines). 
Neither  phosphorylated  Mek  nor  phosphorylated  p38  showed 
statistically  significant  differences  in  expression  levels  between  cell 
lines  that  had  either  mutant  KRas-Glyl2Cys  or  mutant  KRas- 
Glyl2Val,  and  those  that  had  other  mutant  forms  of  KRas  or  wild- 
type  KRas  (Ligure  2,  A  and  B).  However,  phosphorylated  Akt 
levels  were  decreased  in  cell  lines  that  expressed  either  mutant 
KRas-Glyl2Cys  or  mutant  KRas-Glyl2Val  compared  with  cells 
lines  that  expressed  other  mutant  KRas  (P  =  .009)  or  wild-type 
KRas  (P  =  .020)  (Figure  2,  C).  These  findings  were  confirmed  by 
immunoblot  analysis  of  whole-cell  lysates  for  a  set  of  seven 
NSCLC  cell  lines  with  KRas  codon  12  mutations  (Figure  2,  D). 

To  study  the  signaling  and  growth  effects  of  different  KRas 
mutations  in  a  uniform  cell  background,  we  stably  expressed  the 
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Figure  1.  Mutant  KRas-Gly12Cys  and  mutant  KRas-Gly12Val  and  response 
in  refractory  non-small  cell  lung  cancer  (NSCLC).  Kaplan-Meier  plots  of 
progression-free  survival  (PFS)  for  NSCLC  patients  in  the  BATTLE  trial  by 
tumor  KRas  mutation  for  (A)  all  treatments  and  (B)  for  sorafenib-treated 
patients,  n  =  alb  indicates  "a"  total  number  of  events  in  " b"  patients  in 
each  category.  Data  were  analyzed  by  the  log-rank  test.  P  values  are 
two-sided.  C)  Cluster  analysis  of  microarray  data  from  patients  treated  in 
BATTLE  trial  of  genes  that  most  accurately  define  the  differences  between 
mutant  KRas-Gly12Cys  or  mutant  KRas-Gly12Val,  and  other  mutant  KRas 
tumors.  The  false  discovery  rate  was  chosen  as  0.3.  Red  dots  indicate 
genes  known  to  be  involved  in  cell  cycle  regulation.  Panel  A:  The  numbers 
at  risk  at  3,  6,  and  12  months  were  4,  1,  0  for  CysA/al;  10,  2,  0  for  other;  and 


67,  29,  6  for  wild-type  KRas  groups,  respectively.  The  corresponding  PFS 
(95%  confidence  intervals  [CIs])  were  0.17  (95%  Cl  =  0.07  to  0.41),  0.04  (95% 
Cl  =  0.01  to  0.28),  and  NA  (not  applicable)  for  the  CysA/al  group;  0.53  (95% 
Cl  =  0.34  to  0.81 ),  0.1 1  (95%  Cl  =  0.03  to  0.39),  and  NA  for  the  other  group; 
and  0.41  (95%  Cl  =  0.34  to  0.49),  0.18  (95%  Cl  =  0.13  to  0.25),  and  0.05  (95% 
Cl  =  0.02  to  0.11)  for  the  wild-type  KRas  group.  Panel  B:  The  numbers  at 
risk  at  3,  6,  and  12  months  were  2,  0,  0  for  CysA/al;  6,  1, 0,  for  other;  and  29, 
12,  1,  for  wild-type  KRas  groups,  respectively.  The  corresponding  PFS 
(95%  CIs)  were  0.18  (95%  Cl  =  0.05  to  0.64),  NA  (NA)  for  the  Cys/Val  group; 
0.67  (95%  Cl  =  0.42  to  1.00),  0.11  (95%  Cl  =  0.02  to  0.71),  and  NA  for  the 
other  group;  and  0.49  (95%  Cl  =  0.38  to  0.63),  0.20  (95%  Cl  =  0.12  to  0.33), 
and  0.04  (95%  Cl  =  0.01  to  0.21)  for  the  wild-type  KRas  group. 
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Figure  2.  Mek  and  Akt  signaling  in  non-small 
cell  lung  cancer  (NSCLC)  cell  lines  expressing 
mutant  or  wild-type  KRas.  Reverse-phase 
protein  array  levels  of  (A)  phospho-Mek  (ser217), 
(B)  phospho-p38  (thr180),  and  (C)  phospho-Akt 
(ser473)  for  a  panel  of  67  NSCLC  cell  lines 
expressing  mutant  or  wild-type  KRas.  KRas  12/13 
C  or  V  =  cell  lines  with  mutant  KRas-Gly12Cys 
or  mutant  KRas-Gly13Cys  (n  =  13)  or  mutant 
KRas-Gly12Val  (n  =  1);  other  =  cell  lines  with 
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lines  expressing  mutant  KRas  with  different 
codon  12  amino  acid  substitutions  or  wild-type 
KRas  with  Gly  (G)  at  codon  12.  C  =  Cys;  D  =  Asp; 
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most  common  mutant  KRas  in  colon  cancer  (KRas-Glyl2Asp),  the 
most  common  mutant  KRas  in  NSCLC  (KRas-Glyl2Cys),  and 
wild-type  KRas  in  previously  characterized  immortalized  human 
bronchial  epithelial  cells  (13)  with  shRNA  knockdown  of  p53  to 
repress  the  toxicity  of  KRas  in  transformed  cells  (HBECsiP53). 
The  DNA  from  the  expression  plasmids  was  sequenced  for  all  the 
cell  lines  to  ensure  that  the  plasmids  were  expressed  and  that 
mutant  KRas  was  present  (Supplementary  Figure  1,  available 
online).  HBECsiP53  cells  that  expressed  wild-type  KRas  or  either 
mutant  KRas  grew  at  similar  rates  in  two-dimensional  culture  on 
plastic  surfaces,  and  all  three  grew  faster  than  cells  transfected  with 
empty  vector  (Figure  3,  A).  Elowever,  FlBECsiP53  cells  expressing 
mutant  KRas-Glyl2Cys  showed  statistically  significantly  increased 
anchorage-independent  growth  measured  by  colony  formation  in 
soft  agarose  compared  with  HBECsiP53  cells  expressing  mutant 
KRas-Glyl2Asp  (P  =  .008)  or  cells  expressing  wild-type  KRas  (P  < 
.001)  (Figure  3,  B).  Immunoblot  analysis  revealed  that  HBECsiP53 
cells  expressing  mutant  KRas-Glyl2Asp  had  elevated  levels  of 
phosphorylated  Akt  compared  with  cells  expressing  wild-type 
KRas  or  empty  vector,  whereas  cells  that  expressed  wild-type  KRas 
or  mutant  KRas-Glyl2Cys  had  decreased  levels  of  phosphorylated 


Akt  compared  with  mutant  KRas-Glyl2Asp  cells  (Figure  4,  C). 
The  KRas  downstream  effectors  RalA  and  RalB  were  both  found 
to  be  activated  in  HBECsiP53  cells  that  expressed  mutant  KRas- 
Glyl2Cys  or  wild  type  KRas,  but  not  in  cells  that  expressed  mutant 
KRas-Glyl2Asp  (Figure  3,  D).  The  results  suggest  that  different 
amino  acid  substitutions  in  mutant  KRas  may  activate  different 
downstream  signaling  pathways  compared  with  wild-type  KRas 
(ie,  mutant  KRas-Glyl2Asp  through  phospho-Akt  signaling  and 
mutant  KRas-Glyl2Cys  through  Ral  signaling). 

mTOR  and  Akt  Signaling  in  NSCLC  Cell  Lines  Expressing 
Mutant  KRas  Proteins 

Mutant  KRas  and  growth  factors  both  lead  to  Akt  phosphoryla¬ 
tion,  which  results  in  mTOR  activation  and  increased  protein 
translation  and  tumorigenesis  (21).  mTOR  activation  also  leads  to 
feedback  repression  of  growth  factor-mediated  Akt  signaling 
through  its  effector  p70  S6  kinase.  Because  Glyl2Cys  is  the  pre¬ 
dominant  KRas  mutation  in  lung  cancer  (5,7,8),  we  were  intrigued 
by  the  lack  of  Akt  phosphorylation  in  HBECsiP53  cells  expressing 
mutant  KRas-Glyl2Cys,  even  though  these  cells  were  grown 
in  the  presence  of  FBS.  We  therefore  examined  growth  factor 
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Figure  3.  Signaling  pathway  activation  in 
immortalized  human  bronchial  epithelial  cells 
with  short  hairpin  RNA  knockdown  of  p53 
(HBECsiP53)  stably  transfected  with  KRAS 
expression  plasmids.  HBECsiP53  cells  stably 
transfected  with  empty  vector  (vector),  or 
vector  coding  for  wild-type  KRas  (WT),  mutant 
KRas-Glyl  2Cys  (G12C),  or  mutant  KRas- 
Gly12Asp  (G12D)  were  grown  on  a  plastic  sur¬ 
face  for  100  hrs  (A)  or  in  soft  agarose  for 
4  weeks  to  assess  anchorage-independent 
growth  (B).  Values  are  the  mean  of  three  exper¬ 
iments;  error  bars  represent  95%  confidence 
intervals.  P  values  are  two-sided  (analysis  of 
variance).  C)  Immunoblot  analysis  of  Akt  and 
Mapk  pathway  activation  in  the  transfected 
HBECsiP53  cell  lines.  D)  Pull-down  assay  for 
active  RalA  and  RalB  in  the  transfected 
HBECsiP53  cell  lines.  The  experiments  were 
repeated  at  least  three  times  with  similar  results. 
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(ie,  FBS)-mediated  activation  (ie,  phosphorylation)  of  Akt  as  well 
as  levels  of  phosphorylated  p70  S6  kinase,  which  represses  Akt 
activation  by  growth  factors,  in  HBECsiP53  cells  that  expressed 
different  mutant  KRas  proteins. 

Despite  the  lower  levels  of  phosphorylated  Akt  seen  in  NSCLC 
or  HBEcsiP53  cells  expressing  either  mutant  KRas-Glyl  2  Cys  or 
mutant  KRas-Glyl2Val  (Figures  1,  C  and  3,  C),  the  levels  of  the 
mTOR  effectors  phospho-p70S6K  and  4EBP  were  not  statistically 
significantly  changed  compared  with  other  mutant  KRas  or  wild- 
type  KRas  cells  (Figure  4,  A  and  B).  To  examine  the  relationship 
between  activation  of  the  Akt  pathway  and  mTOR  activation,  we 
subjected  a  panel  of  mutant  KRas  NSCLC  cell  lines  to  hierarchical 
clustering  based  on  activation  of  downstream  targets  of  Akt  and 
mTOR  signaling  (Figure  4,  B).  We  observed  that  NSCLC  cells 
expressing  mutant  KRas-G12  or  G13Cys  or  mutant  KRas-G12Val 
had  low  levels  of  phospho-Akt  (Figure  2,  C)  and  no  activation  of 
phospho-Mek  or  phospho-p38,  without  or  with  serum 
(Supplementary  Figure  2,  available  online).  However,  in  the 
presence  of  serum,  cell  lines  with  mutant  KRas-Glyl  2  Cys  or 
KRas-Glyl2Val  exhibited  robust  activation  of  the  mTOR 
effector  protein  p70  S6  kinase  compared  with  cell  lines  that 
expressed  other  mutant  KRas  proteins  (P  =  .02)  or  wild-type  KRas 
(P  =  .01).  To  determine  if  this  p70  S6  kinase  activation  with  KRas- 
Glyl2Cys  or  KRas-Glyl2Val  contributed  to  our  observation  that 
mutant  KRas-Glyl2Cys  or  G12Val  resulted  in  lower  Akt  activa¬ 
tion,  we  treated  KRas-transfected  HBECsiP53  cell  lines  with  the 
mTOR  inhibitor  rapamycin  and  examined  its  effects  on  signaling 


(Figure  4,  C).  Rapamycin  inhibited  activation  of  p70  S6  kinase  in 
all  of  the  transfected  HBECsiP53  cell  lines  but  induced  activation 
of  Akt  in  HBECsiP53  cells  expressing  wild-type  KRas  or  mutant 
KRas-Glyl2Cys.  However,  in  HBECsiP53  cells  expressing  mutant 
KRas-Glyl2Asp,  Akt  was  constitutively  activated,  and  rapamycin 
did  not  further  increased  the  level  of  phosphorylated  Akt,  indi¬ 
cating  that  in  these  cells  there  was  constitutive  growth  factor- 
independent  activation  of  the  signaling.  Rapamycin  had  comparable 
effects  on  Akt  activation  in  NSCLC  cell  lines  expressing  wild-type 
KRas,  mutant  KRas-Glyl2Cys,  and  mutant  KRas-Glyl2Asp 
(Figure  4,  D).  Thus,  these  results  suggest  that  Akt  is  constitutively 
activated  by  mutant  KRas-Glyl  2 Asp  and  is  not  inhibited  by 
mTOR,  whereas  in  cells  that  express  wild-type  KRas  or  mutant 
KRas-Glyl2Cys,  Akt  activation  is  weak,  inhibited  by  mTOR,  and  is 
presumably  a  consequence  of  stimulation  by  growth  factors  but 
not  KRas. 

Molecular  Modeling  Studies  of  KRas  Proteins 

Finally,  we  performed  molecular  modeling  studies  of  the  KRas 
proteins  by  using  the  available  crystal  structures  of  HRas  (which 
has  approximately  95%  sequence  identity  to  KRas)  to  create 
homology  models  of  mutant  KRas-Glyl  2  Cys  and  mutant  KRas- 
Glyl2Asp,  followed  by  molecular  dynamics  simulations  for  struc¬ 
tural  refinement.  KRas  interacts  with  its  different  downstream 
effectors  by  undergoing  large  conformational  changes  in  the 
switch  I  and  switch  II  regions  of  the  protein  that  surround  the 
amino  acids  corresponding  to  codons  12  and  13  (15,16).  When 
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Figure  4.  Signaling  pathway  activation  in  NSCLC  cell  lines  expressing 
mutant  or  wild-type  KRas.  A)  Phospho-p70  S6K  (thr389)  levels  measured 
by  reverse-phase  protein  array  in  the  panel  of  67  NSCLC  cell  lines 
grown  in  medium  containing  10%  serum.  KRas  12/13  C  or 
V  =  cell  lines  with  mutant  KRas-Gly12Cys  or  mutant  KRas-Gly13Cys  (n 
=  13)  or  mutant  KRas-Gly12Val  (n  =  1);  other  =  cell  lines  with  other 
mutant  KRas  (n  =  9),  wt  =  cell  lines  with  wild  type  KRas  (n  =  45). 
Horizontal  dotted  lines  indicate  the  mean  value  for  the  group.  B)  Two- 
way  hierarchical  clustering  of  NSCLC  cell  lines  based  on  their  expres¬ 
sion  of  phosphorylated  Akt  and  phosphorylated  signaling  proteins  in 
related  signaling  pathways.  Mutation  type  is  indicated  by  the  color  bar 

KRas  is  bound  to  PI-3-K,  the  switch  II  regions  of  mutant  KRas- 
Glyl2Cys  and  wild-type  KRas  exist  in  a  similar  conformation 
that  exposes  the  bound  GTP  to  hydrolysis,  thus  inhibiting  KRas 


above  the  heatmap:  14  cell  lines  with  mutant  KRas-Gly12Cys,  mutant 
KRas-Gly13Cys,  or  mutant  KRas-Gly12Val  (green-blue)  and  14  cell 
lines  with  other  mutant  KRas  proteins  (pink).  C)  Immunoblot  analysis 
of  Mapk,  Akt,  and  p70  S6  kinase  activation  in  transfected  HBECsiP53 
cells  treated  with  the  mTOR  inhibitor  rapamycin  (0.5  pM)  for  16  hours 
HBECsiP53  cells  stably  transfected  with  empty  vector  (vector),  or 
vector  coding  for  wild-type  KRas  (WT),  mutant  KRas-Gly12Cys  (G12C), 
or  mutant  KRas-Gly12Asp  (G12D).  D)  Immunoblot  analysis  of  rapamy- 
cin-treated  NSCLC  cell  lines  expressing  mutant  KRas  or  mutant  epider¬ 
mal  growth  factor  receptor  (EGFR).  The  type  of  mutation  is  shown  in 
parentheses. 

activity.  By  contrast,  a  bulky  side  chain  in  mutant  KRas-Glyl2Asp 
results  in  electrostatic  repulsion  on  Gly60  in  switch  II,  which 
allows  a  hydrogen  bond  to  form  between  the  y-phosphate  of  GTP 
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and  Gly61,  which  protects  the  nucleotide  from  hydrolysis,  thus 
stabilizing  mutant  KRas-Glyl2Asp  in  its  active  form  and  activating 
its  bound  effector  PI-3-K  (Figure  5,  A).  Although  PI-3-K  and 
RaLGDS  compete  for  activation  by  KRas  (9),  KRas  activates  these 
two  proteins  in  very  different  ways:  by  direct  binding  of  one  KRas 
molecule  to  PI-3-K,  whereas  two  KRas  molecules  form  a  honiodi- 
mer  to  facilitate  RaLGDS  binding.  In  the  latter  case,  the  interac¬ 
tion  of  Tyr32  in  one  KRas  molecule  with  GTP  in  the  other  KRas 
molecule  is  critical  for  RaLGDS  binding  and  RalA  and  RalB  acti¬ 
vation  (16).  Our  modeling  suggests  that  in  mutant  KRas-Gly  12  Asp, 
the  bulky  Asp  side  chain  causes  steric  interference  of  Tyr32  in 
switch  I,  which  prevents  homodimer  formation  and  RaLGDS 
binding  (Figure  5,  B).  By  contrast,  the  smaller  Cys  residue  of 
mutant  KRas-Glyl2Cys  allows  homodimer  formation  and  Ral  ac¬ 
tivation.  Molecular  dynamic  and  protein-protein  docking  data 
(Figure  5,  C  and  D)  show  the  results  of  these  changes,  with  mutant 
KRas-Glyl2Cys  having  a  higher  affinity  for  binding  to  RaLGDS 
and  mutant  KRas-Glyl2Asp  a  higher  affinity  for  PI-3-K  than  for 
RaLGDS. 

Discussion 

The  recently  completed  BATTLE  trial  for  patients  with  refractory 
NSCLC  receiving  either  erlotinib,  vandetanib,  bexarotene  and 


erlotinib,  or  sorafenib  found  that  mutant  KRAS  was  not  associated 
with  overall  survival  in  any  of  the  treatment  groups  (10).  We 
reanalyzed  the  BATTLE  data  to  examine  associations  between 
mutant  KRas  with  specific  amino  acid  substitutions  and  patient 
survival  and  found  that  either  mutant  KRas-Glyl2Cys  or  mutant 
KRas-Glyl2Val  was  associated  with  decreased  progression-free 
survival  compared  with  other  mutant  KRas  or  wild-type  KRas. 
This  is  the  first  study  to  our  knowledge  to  show  an  association 
between  mutant  KRas  amino  acid  substitutions  and  response  to 
molecularly  targeted  therapy  in  NSCLC. 

There  is  already  evidence  that  mutant  KRas  amino  acid  substi¬ 
tution  could  determine  patient  response.  A  study  in  colon  cancer 
patients  receiving  EGFR  inhibitors  revealed  that  tumors  with 
mutant  KRas-Glyl2Cys  or  KRas-Gly  1 2 Val  are  associated  with 
rapid  tumor  progression  and  decreased  patient  survival  compared 
with  tumors  with  other  mutant  KRas  proteins  (mostly  Glyl2Asp) 
or  wild-type  KRas  (6).  A  recent  study  has  confirmed  that  different 
amino  acid-substituted  mutant  KRas  may  also  affect  drug  sensi¬ 
tivity  of  NSCLC  patients  (22). 

Dysregulation  of  the  cell  cycle  is  a  well-characterized  feature  of 
KRas-mediated  tumorigenesis  (23,24).  Our  analysis  of  tumor  tran- 
scriptome  microarray  data  from  patients  in  the  BATTLE  trial 
provides  the  first  indication  to  our  knowledge  that  cell  cycle 
signaling  differs  between  the  different  forms  of  mutant  KRas. 


Figure  5.  Molecular  modeling  of  the  KRas 
proteins.  A)  KRas  with  critical  amino  acid  resi¬ 
dues  (depicted  in  stick  representations)  in  as¬ 
sociation  with  phosphatidylinositol  3-kinase 
(PI-3-K)  (depicted  as  a  gray  surface).  In  mutant 
KRas-Gly12Asp  (red),  the  Switch  II  loop  is 
pushed  away  from  GTP  (blue)  by  the  large  side 
chain  of  the  Asp  residue,  thereby  preventing 
GTP  hydrolysis.  Wild-type  KRas  (green)  and 
mutant  KRas-Gly12Cys  (yellow)  have  similar 
conformations  of  Gln61  (Q61)  that  are  open  to 
GTP  hydrolysis.  Thus,  in  the  presence  of 
PI-3-K,  mutant  KRas-Gly12Asp  is  more  firmly 
locked  in  the  GTP-bound  state  compared  with 
either  wild-type  or  mutant  KRas-Gly12Cys  and 
thus  constitutively  active.  B)  KRas  in 
association  with  RaLGDS  (depicted  as  gray 
surfaces),  the  activator  of  RalA  and  RalB 
proteins.  KRas  exists  as  a  homodimer,  with 
Tyr32  (Y32)  of  one  KRas  molecule  interacting 
with  the  -/-phosphate  (blue)  of  another  KRas 
molecule.  The  bulky  side  chain  Asp  residue  in 
mutant  KRas-Gly12Asp  results  in  steric  clashes 
with  Y32,  which  impairs  dimerization  and, 
thus,  binding  and  activation  of  RaLGDS.  C) 

Box  plots  of  predicted  binding  of  wild-type 
KRas  (WT),  mutant  KRas-Gly12Asp  (G12D), 
and  mutant  KRas-Gly12Cys  (G12C)  to  RaLGDS. 

The  binding  scores  were  calculated  using  the 
ZRANK  program  for  60  snapshot  structures 
from  the  molecular  dynamics  simulations.  The 
ZRANK  score  estimates  the  relative  binding 
energy  of  protein-protein  interactions,  with  a 
lower  score  indicating  tighter  binding.  For 
each  box,  the  bottom  and  top  lines  represent  the  25th  and  75th  percen¬ 
tiles,  respectively,  and  the  horizontal  line  represents  the  median  (50th 
percentile)  of  the  ZRANK  scores.  The  error  bars  represent  the  range 
from  the  minimum  to  the  maximum  of  all  ZRANK  scores  collected 
based  on  the  60  snapshot  structures  from  the  molecular  dynamics  sim¬ 
ulations.  D)  Comparison  of  predicted  binding  of  the  various  forms  of 


KRas  to  RaLGDS  with  predicted  binding  of  KRas  to  PI-3-K.  The  height 
(y-axis)  of  each  panel  represents  the  ratio  of  averaged  binding  of  KRas 
to  PI-3-K  over  binding  to  RaLGDS  in  terms  of  ZRANK  scores.  Error  bars 
represent  the  standard  error  of  the  ratios  (the  corresponding  95%  con¬ 
fidence  intervals  are  0.706  to  0.728  for  the  WT  prediction,  0.723  to  0.751 
for  the  G12D  prediction,  and  0.599  to  0.619  for  the  G12C  prediction). 
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Specifically,  we  found  that  expression  of  the  cell  cycle  regulators 
PLK1,  cyclin  B,  and  cyclin  E  was  decreased  in  tumors  with  mutant 
KRas-Glyl2Cys  or  KRas-Glyl2Val  compared  with  tumors  with 
other  mutant  KRas  proteins.  Our  RRPA  analysis  of  a  panel  of  ge¬ 
netically  characterized  NSCLC  cell  lines  revealed  that  compared 
with  cell  lines  expressing  wild-type  KRas,  those  with  mutant 
KRas-Glyl2Cys  or  Glyl2Val  had  decreased  levels  of  phosphory- 
lated  Akt,  whereas  those  with  other  mutant  KRas  proteins  had  el¬ 
evated  levels  of  phosphorylated  Akt.  Transfection  of  immortalized, 
p53-deficient  human  bronchial  epithelial  HBECsiP53  cells  with 
different  mutant  KRas  expression  plasmids  also  showed  that  over¬ 
expression  of  mutant  KRas-Glyl2Cys  decreased  phospho-Akt 
levels  and  increased  Ral  activation,  whereas  overexpression  of 
mutant  KRas-Glyl2Asp  increased  phospho-Akt  levels  and 
decreased  Ral  activation  compared  with  cells  overexpressing  wild- 
type  KRas.  Moreover,  we  found  that  HBECsiP53  cells  overex¬ 
pressing  mutant  KRas-Glyl2Cys  had  lower  Akt 
signaling,  elevated  Ral  signaling,  and  increased  anchorage- 
independent  growth  compared  with  ElBECsiP53  cells  overex¬ 
pressing  wild-type  KRas.  These  findings  are  in  agreement  with 
a  previous  study  (25)  showing  that  Ral  activation  preferentially 
induces  anchorage-independent  growth  in  human  cells,  whereas 
Akt  or  Mek  activation  has  only  modest  effects.  These  findings  are 
also  consistent  with  previous  observations  that  when  mutant  KRas 
proteins  were  expressed  in  the  lungs  of  mice,  mutant  KRas- 
Glyl2Asp  induced  Raf  and  Akt  activation  (26),  whereas  mutant 
KRas-Glyl2Cys  resulted  in  Raf  and  Ral  activation  but  minimal 
Akt  activation  regardless  of  the  expression  level  of  the  mutant 
KRas  protein  (27,28). 

Our  data  showed  that  mTOR  may  mediate  some  of  the  effects 
of  different  amino  acid-substituted  mutant  KRas.  We  found  that 
many  NSCLC  cell  lines  that  had  minimal  Akt  activation  showed 
robust  activation  of  the  mTOR  effector  proteins  p70  S6  kinase  and 
4E-BP.  We  found  that  inhibition  of  mTOR  with  rapamycin  in 
NSCLC  cells  with  mutant  KRas-Glyl2Cys  resulted  in  decreased 
expression  of  p70  S6  kinase  and  an  increase  in  phospho-Akt  levels. 
The  translational  regulator  mTOR  is  activated  by  Akt  signaling,  in 
addition  to  being  activated  by  the  Mapk  and  Ral  signaling  pathways 
(21).  In  addition,  p70  S6  kinase  downstream  of  mTOR  has  been 
shown  to  exert  a  regulatory  feedback  response  that  restricts  growth 
factor  signaling  to  the  Akt  pathway  (29).  Our  results  suggest  that 


PI-3-K/Akt  signaling  is  constitutively  activated  by  mutant  KRas- 
Glyl2Asp  and  not  subject  to  mTOR  inhibition,  whereas  in  cells 
expressing  wild-type  KRas  or  mutant  KRas-GlyG12Cys,  Akt  acti¬ 
vation  is  growth  factor  dependent  and  inhibited  by  mTOR. 

KRas  is  known  to  interact  with  different  downstream  effectors 
by  undergoing  large  conformational  changes  in  the  switch  I  and 
switch  II  regions  of  the  protein  surrounding  codon  12  and  13 
amino  acids  (15,16).  Our  molecular  modeling  studies  showed  that 
mutant  KRas-Glyl2Cys  likely  weakens  the  interaction  with 
PI-3-K,  whereas  the  bulky  Asp  of  mutant  KRas-Glyl2Asp  causes 
steric  interference  of  KRas  homodimer  formation  and  RaLGDS 
binding,  which  is  not  seen  with  mutant  KRas-Glyl2Cys.  These 
modeling  results  are  in  agreement  with  the  results  of  our  cellular 
studies  showing  that  mutant  KRas-Glyl2Asp  activated  PI-3-K  and 
Mek  signaling,  but  not  Ral,  whereas  mutant  KRas-G112Cys  fails  to 
activate  PI-3-K  signaling. 

The  findings  of  this  study  showing  different  mechanisms  for 
signaling  through  wild-type  KRas,  mutant  KRas-Glyl2Asp,  and 
mutant  KRas-Glyl2Cys  are  summarized  in  Figure  6.  Wild-type 
KRas  activation  results  in  signaling  through  Mek.  Wild-type  KRas 
has  also  been  shown  to  activate  Akt  and  RalA/B,  although  the 
conditions  that  dictate  which  pathway  will  be  activated  remain 
uncertain  at  this  time.  The  Akt,  Mek,  and  RalA/B  pathways 
have  all  been  shown  capable  of  activating  mTOR  and  its  effector 
p70  S6  kinase,  which  serves  as  a  negative  regulator  of  growth 
factor  receptor-regulated  signaling  to  Akt.  Other  KRas  effectors 
are  likely  also  capable  of  regulating  p70  S6  kinase.  The  KRas- 
Glyl2Asp  mutation  preferably  activates  Akt  signaling,  making 
growth  factor  receptor  Akt  activation  unnecessary  and  p70  S6 
kinase  inhibition  irrelevant.  In  contrast,  the  KRas-Glyl2Cys 
mutation  preferentially  activates  RalA/B  signaling  over  Akt  and  is 
able  to  suppress  Akt  activation  through  an  Akt-independent  activa¬ 
tion  of  p70  S6  kinase.  Other  KRas  effectors  may  also  play  a  role  in 
the  signaling,  but  we  have  not  considered  them  here. 

Our  observation  that  the  substitution  of  different  amino  acids 
induces  heterogeneous  behavior  in  the  KRas  protein  resulting  in 
different  signaling  outputs  has  profound  implications  for  identi¬ 
fying  and  treating  KRAS-driven  tumors.  For  example,  it  may  be 
necessary  to  use  different  combinations  of  downstream  signaling 
inhibitors  when  treating  tumors  with  different  mutant  KRas  amino 
acid  substitutions. 


Figure  6.  Proposed  pathways  of  signaling  by  wild- 
type  KRas,  mutant  KRas-Gly12Asp,  and  mutant 
KRas-Gly12Cys  showing  membrane  growth  factor 
receptor  (GFR)  or  wild-type  KRas  (wt-KRas), 
mutant  KRas-Gly12Asp  (mut-KRas-G12D),  and 
mutant  KRas-Gly12Cys  (mut-KRas-G12C)  activa¬ 
tion  of  Akt  signaling  (acting  through  PI-3-K),  RalA 
and  RalB  signaling  (acting  through  RaLGDS), 
and  Mek  signaling  (acting  through  c-Raf). 
Forward  transmission  of  signals  is  represented 
by  arrows.  Solid  lines  show  established  path¬ 
ways,  and  dashed  lines  represent  possible  path¬ 
ways.  P70  S6  kinase  (p70S6K)  is  activated  and 
exerts  feedback  inhibition  on  GFR  activation  of 
Akt.  The  thickness  of  the  lines  indicates  the 
strength  of  the  feedback  inhibition:  weak  inhibi¬ 
tion  by  mutant  KRas-Gly12Asp,  moderate  inhibi¬ 
tion  by  wild-type  KRas,  and  strong  inhibition  by 
mutant  KRas-Gly12Cys. 
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This  study  focused  on  the  major  forms  of  mutant  KRas  in 
NSCLC,  namely  Glyl2Cys  (and  Glyl2Val)  and  Glyl2Asp,  and  on 
the  downstream  signaling  pathways  involving  PI-3-K/Akt,  Mek, 
and  Ral.  We  do  not  know  how  other  forms  of  mutant  KRas  acti¬ 
vate  the  pathways  nor  do  we  know  how  other  known  KRas  down¬ 
stream  pathways  [eg,  Tiaml/Rac,  PLCs/PKC,  and  Rassfl  (9)]  may 
be  affected  by  mutant  KRas.  Consequently,  our  findings  that 
mutant  KRas-Glyl2Cys  and  mutant  KRas-Glyl2Val  are  associ¬ 
ated  with  overall  decreased  patient  progression-free  survival  com¬ 
pared  with  other  forms  of  mutant  KRas  or  wild-type  KRas  may 
only  be  applicable  to  the  types  of  molecularly  targeted  agents  used 
in  the  BATTLE  study,  which  focused  broadly  on  EGFR,  VEGF, 
PI-3-K,  and  Mek  signaling.  Future  studies  will  need  to  explore  the 
role  of  mutant  KRas  and  signaling  pathways  in  the  context  of  other 
agents  in  individual  clinical  trials. 
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Abstract 

The  phosphoinositide  3-kinase  (PI3K)-mammalian  target  of  rapamycin  (mTOR)  signaling  axis  has  emerged  as  a  novel  target 
for  cancer  therapy.  Agents  that  inhibit  PI3K,  mTOR  or  both  are  currently  under  development.  The  mTOR  allosteric  inhibitor, 
RAD001,  and  the  PI3K/mTOR  dual  kinase  inhibitor,  BEZ235,  are  examples  of  these  agents.  We  were  interested  in  developing 
strategies  to  enhance  mTOR-targeted  caner  therapy.  In  this  study,  we  found  that  BEZ235  alone  effectively  inhibited  the 
growth  of  rapamycin-resistant  cancer  cells.  Interestingly,  the  combination  of  sub-optimal  concentrations  of  RAD001  and 
BEZ235  exerted  synergistic  inhibition  of  the  growth  of  human  lung  cancer  cells  along  with  induction  of  apoptosis  and  G1 
arrest.  Furthermore,  the  combination  was  also  more  effective  than  either  agent  alone  in  inhibiting  the  growth  of  lung 
cancer  xenografts  in  mice.  The  combination  showed  enhanced  effects  on  inhibiting  mTOR  signaling  and  reducing  the 
expression  of  c-Myc  and  cyclin  D1.  Taken  together,  our  results  suggest  that  the  combination  of  RAD001  and  BEZ235  is  a 
novel  strategy  for  cancer  therapy. 

Citation:  Xu  C-X,  Li  Y,  Yue  P,  Owonikoko  TK,  Ramalingam  SS,  et  al.  (2011)  The  Combination  of  RAD001  and  NVP-BEZ235  Exerts  Synergistic  Anticancer  Activity 
against  Non-Small  Cell  Lung  Cancer  In  Vitro  and  In  Vivo.  PLoS  ONE  6(6):  e20899.  doi:1 0.1 371 /journal. pone.0020899 

Editor:  Gen  Sheng  Wu,  Wayne  State  University,  United  States  of  America 
Received  March  31,  2011;  Accepted  May  12,  2011;  Published  June  14,  2011 

Copyright:  ©  201 1  Xu  et  al.  This  is  an  open-access  article  distributed  under  the  terms  of  the  Creative  Commons  Attribution  License,  which  permits  unrestricted 
use,  distribution,  and  reproduction  in  any  medium,  provided  the  original  author  and  source  are  credited. 

Funding:  This  study  was  supported  by  the  Georgia  Cancer  Coalition  Distinguished  Cancer  Scholar  award,  NIH  R01  CA1 18450  and  P01  CA1 16676  (Project  1), 
Department  of  Defense  IMPACT  (Imaging  and  Molecular  Markers  for  Patients  with  Lung  Cancer:  Approaches  with  Molecular  Targets,  Complementary/Innovative 
Treatments,  and  Therapeutic  Modalities)  award  W81XWH-05-0027  (Project  5),  BATTLE  (Biomarker-based  Approaches  of  Targeted  Therapy  for  Lung  Cancer 
Elimination)  award  W81XWH-06-1-0303  (Project  4)  and  BESCT  (Biology,  Education,  Screening,  Chemoprevention  and  Therapy)  award  DAMD1 7-01 -1-0689  (Project 
2).  The  funders  had  no  role  in  study  design,  data  collection  and  analysis,  decision  to  publish,  or  preparation  of  the  manuscript. 

Competing  Interests:  The  authors  have  declared  that  no  competing  interests  exist. 

*  E-mail:  ssun@emory.edu 


Introduction 

K-Ras,  LKB1  and  epidermal  growth  factor  receptor  (EGFR) 
are  frequently  mutated  in  non-small  cell  lung  cancer  (NSCLC). 
These  mutations  result  in  aberrant  activation  of  the  phosphoino¬ 
sitide  3-kinase  (PI3K)/Akt/mammalian  target  of  rapamycin 
(mTOR)  signaling  pathway  [1,2,3].  Therefore,  the  PI3K/Akt/ 
mTOR  signaling  pathway  has  emerged  as  a  promising  therapeutic 
target  for  NSCLC. 

RAD001  (Everolimus)  is  a  derivative  of  rapamycin  and  is 
functionally  similar  to  rapamycin  as  an  allosteric  inhibitor  of 
mTOR.  In  patients  with  advanced  renal  cell  cancer  previously 
treated  with  VEGF  targeted  agents,  RAD001  improves  progres¬ 
sion-free  survival  and  has  therefore  been  approved  by  the  US 
Food  and  Drug  Administration  for  this  indication  [4],  It  has  also 
been  found  to  improve  progression-free  survival  in  patients  with 
neuroendcorine  cancers  of  the  pancreas.  In  many  other  solid 
organ  malignancies,  RAD001  and  other  rapamycin  analogues 
(rapalogs)  the  rapalogs  exert  modest  anti-cancer  effects,  that 
though  promising,  are  not  sufficient  to  warrant  monotherapy  with 
these  agents  [5], 

Recent  efforts  to  improve  the  efficacy  of  the  rapalogs  have 
focused  on  developing  novel  combination  strategies.  NVP- 
BEZ235  (BEZ235)  is  a  novel  and  orally  administered  dual  PI3K 


and  mTOR  kinase  inhibitor.  This  compound  is  a  potent, 
reversible  inhibitor  of  both  class  I  PI3K  and  mTOR  kinase 
catalytic  activity  by  competing  at  their  ATP-binding  site  [6], 
BEZ235  is  currendy  under  evaluation  in  phase  I/II  clinical  trials. 
In  preclinical  studies,  BEZ235  induces  striking  anti-proliferative 
effects  both  in  transgenic  mice  with  oncogenic  K-Ras-induced 
NSCLC  and  in  NSCLC  cell  lines  expressing  oncogenic  K-Ras. 
Moreover,  it  effectively  sensitizes  NSCLC  cell  lines  expressing 
oncogenic  K-Ras  to  the  pro-apoptotic  effects  of  ionizing  radiation 
both  in  vitro  and  in  vivo  [7].  When  BEZ235  was  combined  with  a 
MEK  inhibitor,  marked  synergy  was  achieved  in  shrinking  K-Ras 
mutant  murine  lung  cancers  [8]. 

Like  rapamycin,  RAD00 1  causes  Akt  activation  in  human 
cancer  cells  including  NSCLC  cells  while  inhibiting  the  mTOR 
signaling  [9].  We  recently  reported  on  the  enhanced  efficacy  of  the 
combination  of  RAD00 1  with  a  PI3K  inhibitor  on  the  growth  of 
NSCLC  cells  both  in  vitro  and  in  vivo  [9].  Interestingly,  BEZ235 
could  overcome  rapamycin  resistance  as  it  effectively  inhibited  the 
growth  of  rapamycin-  or  RAD00 1 -resistant  NSCLC  cells. 
Therefore  we  evaluated  the  effects  of  the  combination  of 
RAD001  and  BEZ235  on  the  growth  of  NSCLC  cells  and  found 
that  the  combination  was  more  effective  than  either  agent  alone  in 
inhibiting  the  growth  of  NSCLC  cells  both  in  vitro  and  in  vivo.  This 
report  will  primarily  document  our  research  findings  in  this 
regard. 
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Materials  and  Methods 

Reagent 

RAD001  and  BEZ235  were  supplied  by  Novartis  Pharmaceu¬ 
ticals  Corporation  (East  Hanover,  NJ),  dissolved  in  DMSO  and 
stored  at  — 80°C.  Rabbit  polyclonal  anti-actin  antibody  was 
purchased  from  Sigma  Chemical  Co.  (St.  Louis,  MO).  Antibodies 
against  Akt,  p-Akt  (S473),  p-S6  (S235/S236),  S6,  p-4EBPl  (S65)  p- 
4EBP1  (Thr37/46),  4EBP1,  eIF4G,  eIF4E,  and  poly(ADP- 
ribose)polymerase  (PARP),  respectively,  were  purchased  from  Cell 
Signaling  Technology,  Inc.  (Beverly,  MA).  Goat  polyclonal 
mTOR  (FRAP;  N-19)  and  mouse  monoclonal  c-Myc  (9E10) 
antibodies  were  purchased  from  Santa  Cruz  Biotechnology,  Inc. 
(Santa  Cruz,  CA),  respectively.  Rabbit  polyclonal  Rictor  (BL2178) 
antibody  was  purchased  from  Bethyl  Laboratories,  Inc.  (Mon¬ 
tgomery,  TX).  Mouse  monoclonal  cyclin  D1  antibody  was 
purchased  from  Dako  (Carpinteria,  CA). 

Cell  Lines  and  Cell  Culture 

The  human  NSCLC  cell  lines  A549,  H460  and  H157  were 
described  previously  [10].  HCC827  was  purchased  from  the 
American  Type  Culture  Collection  ATCC  (Manassas,  VA).  Rapa- 
mycin-resistant  A549  cell  line  (A549-RR)  was  established  previously 
[9] .  These  cell  lines  were  grown  in  monolayer  culture  in  RPMI  1 640 
medium  supplemented  with  5%  fetal  bovine  serum  (FBS)  at  37°C  in  a 
humidified  atmosphere  consisting  of  5%  CO2  and  95%  air. 

Growth  Inhibition  Assay 

Cells  were  cultured  in  96-well  cell  culture  plates  and  treated  the 
next  day  with  the  agents  indicated.  Viable  cell  number  was 
estimated  using  the  sulforhodamine  B  (SRB)  assay,  as  previously 
described  [10].  Combination  index  (Cl)  for  drug  interaction  (e.g., 
synergy)  was  calculated  using  the  CompuSyn  software  (Combo- 
Syn,  Inc.;  Paramus,  NJ). 

Colony  Formation  Assay 

The  effects  of  the  given  drugs  on  colony  formation  on  plates 
were  measured  as  previously  described  [1 1]. 

Detection  of  Apoptosis 

Apoptosis  was  evaluated  by  Annexin  V  staining  using  Annexin 
V-PE  apoptosis  detection  kit  purchased  from  BD  Biosciences  (San 
Jose,  CA)  according  to  the  manufacturer’s  instructions. 

Western  Blot  Analysis 

Preparation  of  whole  cell  protein  lysates  and  Western  blot 
analysis  were  described  previously  [12,13]. 

m7GTP  Pull-down  for  Analysis  of  elF4F  Complex 
Formation 

eIF4F  complex  in  cell  extracts  was  detected  using  affinity 
chromatography  m7GTP-Sepharose  as  described  previously  [14], 

Detection  of  mTOR  complexes  (mTORCs) 

mTORCs  including  mTORC  1  and  mTORC2  were  immuno- 
precipitated  with  goat  polyclonal  mTOR  (FRAP;  N-19)  antibody 
and  followed  with  Western  blotting  to  detect  mTOR,  raptor  and 
rictor,  respectively,  as  described  previously  [9] . 

Lung  Cancer  Xenografts  and  Treatments 

Animal  experiments  were  approved  by  the  Institutional  Animal 
Care  and  Use  Committee  (IACUC)  of  Emory  University.  The 
protocol  number  is  222-2008.  Five-  to  6-week  old  female  athymic 


(nu/nu)  mice  were  ordered  from  Taconic  (Hudson,  NY)  and 
housed  under  pathogen-free  conditions  in  microisolator  cages  with 
laboratory  chow  and  water  ad  libitum.  A549  cells  at  5xl06  in 
serum-free  medium  were  injected  s.c.  into  the  flank  region  of  nude 
mice.  When  tumors  reached  a  size  of  approximately  100  mm3,  the 
mice  were  randomized  into  four  groups  (n  =  6/ group)  according  to 
tumor  volumes  and  body  weights  for  the  following  treatments: 
vehicle  control,  BEZ235  (20  mg/kg/ day,  og),  RAD001  (3  mg/kg/ 
day;  og),  and  their  combination.  Tumor  volumes  were  measured 
using  caliper  measurements  once  every  two  days  and  calculated 
with  the  formula  V—  7t(length  xwidth")/6. 

Statistic  Analysis 

The  statistical  significance  of  differences  between  two  groups  or 
among  multiple  groups  was  analyzed  with  two-sided  unpaired 
Student’s  t  tests  (for  equal  variances)  or  with  Welch’s  corrected  t 
test  (unequal  variances)  or  one-way  analysis  of  variance  (ANOVA) 
by  use  of  Graphpad  InStat  3  software.  Results  were  considered  to 
be  statistically  significant  at  P<0.05. 

Results 

BEZ235  Effectively  Inhibits  the  Growth  of  Rapamycin- 
resistant  NSCLC  Cells 

In  a  prior  study,  we  established  a  rapamycin-resistant  cell  line 
(i.e.,  A549-RR).  This  cell  line  is  also  resistant  to  RAD001  [9].  We 
anticipated  that  this  cell  line  would  be,  at  least  in  part,  resistant  to 
BEZ235  since  it  is  a  PI3K  and  mTOR  dual  inhibitor.  Unexpect¬ 
edly,  BEZ235  demonstrated  potent  inhibition  of  the  growth  of 
A549-RR  cells  (Fig.  1A).  Moreover,  BEZ235  also  induced  apoptosis 
in  A549-RR  cells  (Fig.  1 B).  In  fact,  the  induction  of  apoptosis  and 
growth  inhibition  with  BEZ235  was  slightly  more  effective  in  A549- 
RR  cell  than  in  the  parent  A549  cells  (Fig.  1).  Thus,  rapamycin- 
resistant  cells  do  not  show  cross-resistance  to  BEZ235. 

The  Combination  of  RAD001  and  BEZ235  Synergistically 
Inhibits  the  Growth  of  NSCLC  Cells  along  with  Induction 
of  Apoptosis  and  G1  arrest 

We  previously  demonstrated  that  the  combination  of  rapamycin 
or  RAD00 1  with  the  PI3K  inhibitor  LY294002  resulted  in  enhanced 
growth-inhibitory  effects  against  NSCLC  cells  both  in  vitro  and  in  vivo 
[9,15].  We  have  now  studied  whether  the  combination  of  BEZ235 
and  RAD00 1  exerts  augmented  anti-cancer  activity  in  NSCLC  cells. 
Unexpectedly,  we  found  that  the  combination  of  low  concentrations 
of  BEZ235  and  RAD001  was  much  more  potent  than  each  single 
agent  in  inhibiting  the  growth  of  several  NSCLC  cell  lines  (e.g., 
A549,  H460,  H157  and  HCC827).  The  CIs  for  most  combinations 
were  <1  (Fig.  2A,  right  panels),  indicating  synergistic  effects  on 
inhibiting  the  growth  of  NSCLC  cells.  In  agreement,  the 
combination  of  BEZ235  and  RADOOl  was  significantly  more  potent 
than  each  single  agent  in  inducing  apoptosis  (Fig.  2B)  and  G 1  arrest 
(Fig.  2C)  (P<0.001).  Thus,  enhanced  induction  of  both  apoptosis 
and  cell  cycle  arrest  contributes  to  augmented  growth-inhibitory 
effects  induced  by  the  combination. 

The  Combination  of  RADOOl  and  BEZ235  Effectively 
Inhibits  the  Formation  and  Growth  of  NSCLC  Cell 
Colonies 

We  further  determined  the  long-term  effects  of  the  combination 
of  RADOOl  and  BEZ235  on  the  growth  ofNSCLC  cells  in  a  colony 
formation  assay.  This  assay  allows  us  to  repeat  the  treatments  for  a 
long  time  (e.g.,  1 2  days).  RAD00 1  at  a  dose  of  1  nM  and  BEZ235  at 
5  nM  alone  had  minimal  effect  on  suppression  of  colony  formation 
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Figure  1.  BEZ235  is  effective  in  inhibiting  the  growth  (/I)  and 
inducing  apoptosis  ( B)  of  rapamycin-resistant  cells.  A,  The 

indicated  cell  lines  were  seeded  in  96-well  plates  and  then  treated  with 
different  concentrations  of  BEZ235  as  indicated  on  the  second  day. 
After  3  days,  the  cell  numbers  were  estimated  using  SRB  assay.  Points, 
means  of  four  replicate  determinations;  bars,  ±  SD.  B,  The  indicated  cell 
lines  were  plated  in  6-well  plates  and  then  treated  next  day  with 
different  concentrations  of  BEZ235  as  indicated.  After  24  and  72  h,  the 
cells  were  harvested  and  subjected  to  detection  of  apoptosis  using 
Annexin  V  staining.  Columns,  means  of  duplicate  determinations;  bars, 
±  SD. 

doi:1 0.1 371  /journal. pone.0020899.g001 

of  the  NSCLC  cells;  however  the  combination  either  eliminated  the 
colony  formation  (e.g.,  A549)  or  drastically  reduced  the  colony 
numbers  (e.g.,  H460  and  HI 57)  (Fig.  3).  Thus,  it  is  clear  that  the 
combination  is  much  more  effective  than  either  single  agent  in 
inhibiting  the  colony  formation  and  growth  of  NSCLC  cells 
(P<0.001).  We  also  compared  the  effect  of  sequence  of  adminis¬ 
tration  of  the  two  agents  on  colony  formation  of  NSCLC  cells. 
Under  the  same  experimental  conditions  described  above,  sequen¬ 
tial  treatments  with  RAD001  first  followed  by  BEZ235  treatment 
(RAD001^>BEZ235)  or  BEZ235  first  followed  by  RAD001 
treatment  (BEZ235^RAD001)  showed  effects  comparable  to  each 


alone  with  minimal  suppression  of  the  growth  of  NSCLC  cell 
colonies.  The  concurrent  combination  of  RAD001  and  BEZ235 
was  much  more  potent  than  either  sequential  treatment  in 
inhibiting  the  formation  and  growth  of  NSCLC  colonies 
(P<0.001)  (Fig.  2).  Therefore,  concurrent  administration  of 
RAD001  and  BEZ235  is  clearly  superior  to  sequential  treatments 
in  inhibiting  the  growth  of  NSCLC  cell  colonies. 

We  further  compared  the  effects  of  the  combination  of  RAD001 
and  LY294002  with  sequential  treatments  on  colony  formation  of 
NSCLC  cells.  Consistently,  the  concurrent  combination  treat¬ 
ment,  but  not  the  sequential  treatment  either  with  RAD001  first 
followed  by  LY294002  or  with  LY294002  followed  by  RADOO 1, 
generated  augmented  effects  on  inhibiting  the  colony  formation  of 
NSCLC  cells  (Fig.  SI). 

The  Combination  of  RAD001  and  BEZ235  Exerts 
Augmented  Activity  against  the  Growth  of  NSCLC 
Xenografts  in  Nude  Mice 

Because  of  the  promising  growth-inhibitory  effects  of  the 
RADOO  1  and  BEZ235  combination  in  NSCLC  cells  in  vitro,  we 
then  validated  the  efficacy  of  the  combination  against  the  growth 
of  NSCLC  tumors  in  mice.  Both  RADOO  1  and  BEZ235  partially, 
but  significantly,  inhibited  the  growth  of  A549  xenografts 
(P<0.01);  however  the  combination  of  RADOO  1  and  BEZ235 
was  significantly  more  potent  than  each  single  agent  in  inhibiting 
the  growth  of  the  xenografts  as  measured  by  both  tumor  sizes  and 
weights  (P<0.01)  (Figs.  4A  and  4B).  These  in  vivo  data  further 
demonstrate  that  the  combination  of  RADOO  1  and  BEZ235 
displays  augmented  anticancer  activity.  We  observed  a  higher 
degree  of  weight  loss  in  mice  treated  with  the  combination  (up  to 
19%  of  control  mice)  especially  during  the  early  treatment  period. 
The  weight  difference  at  the  end  of  the  experiment  improved  to 
only  13%  of  control  (Fig.  4C),  suggesting  possible  adaptation  and 
better  tolerance  of  the  combination  treatment, 

The  Combination  of  RAD001  and  BEZ235  Exerts 
Enhanced  Effects  on  Suppression  of  the  mTOR  signaling 
and  Downregulation  of  c-Myc  and  Cyclin  D1 

T o  gain  insight  into  the  mechanisms  by  which  the  combination 
of  RADOO  1  and  BEZ235  exert  enhanced  anticancer  activity,  we 
analyzed  the  effects  of  the  combination  on  mTOR  signaling  and 
on  the  expression  of  its  regulated  proteins  in  comparison  with 
either  agent  alone.  At  the  tested  doses,  BEZ235  had  a  minimal 
effect  on  reduced  p-S6  levels,  but  no  effect  on  the  levels  of  p- 
4EBP1  (both  S65  and  T37/46),  c-Myc  and  cyclin  Dl.  In  fact,  we 
observed  increased  levels  of  4EBP1  (T37/46)  (in  both  A549  and 
H157)  and  c-Myc  (e.g.,  in  H157).  RAD001  at  2  nM  strongly 
inhibited  S6  and  4EBP1  (S65)  phosphorylation,  but  did  not  reduce 
the  levels  of  p-4EBPl  (T37/46),  c-Myc  and  Cyclin  Dl.  Similar  to 
BEZ235,  RADOO  1  also  increased  the  levels  of  p-4EBPl  (T37/46) 
and  c-Myc  in  both  A549  and  H157  cells.  However  the 
combination  of  RADOO  1  and  BEZ235  either  abrogated  the 
increase  in  p-4EBPl  (T37/46)  (e.g.,  in  A549  cells)  induced  by  the 
single  agent  or  exerted  enhanced  effect  on  reducing  p-4EBPl 
(T37/46)  levels  (e.g.,  in  H157  cells).  Importantly,  the  combination 
of  RADOO  1  and  BEZ235  had  augmented  effects  on  decreasing  the 
levels  of  c-Myc  and  cyclin  Dl  in  both  A549  and  H157  cells  in 
comparison  with  each  single  agent  alone  (Fig.  5). 

RADOO  1  increased  Akt  phosphorylation  in  both  A549  and 
HI 57  cell  lines  as  we  previously  reported  [9].  Interestingly,  at  low 
doses,  BEZ235  also  increased  p-Akt  levels.  The  presence  of 
BEZ235  at  the  tested  dose  ranges  either  wealdy  reduced  the  levels 
of  p-Akt  induced  by  RADOO  1  (e.g.,  in  A549  cells)  or  did  not  affect 
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Figure  2.  The  combination  of  BEZ235  and  RAD001  synergistically  inhibits  cell  growth  (A)  and  induces  apoptosis  ( B)  and  cell  cycle 
arrest  ( Q  in  NSCLC  cells.  A,  the  indicated  cell  lines  were  seeded  in  96-well  plates  and  then  treated  next  day  with  different  concentrations  of 
BEZ235  (BEZ),  RAD001  (RAD)  and  their  respective  combinations  as  indicated.  After  3  days,  the  cell  numbers  were  estimated  using  the  SRB  assay  and 
CIs  were  calculated  with  CompuSyn  software  (right  panels).  Points,  means  of  four  replicate  determinations;  bars,  ±  SD.  B  and  C,  The  indicated  cell 
lines  were  seeded  in  6-well  plates  and  then  treated  with  10  nM  BEZ235  alone,  2  nM  RAD001  alone,  and  their  combination.  After  48  h,  the  cells  were 
harvested  for  detection  of  apoptosis  using  Annexin  V  staining  (A)  and  for  cell  cycle  analysis  with  a  flow  cytometry  (Q-  Columns,  means  of  duplicate 
determinations;  Bars,  ±  SD.  *,  P< 0.05,  **  P<0.01,  and  ***,  PC0.001  compared  with  DMSO  control;  ###,  P<0.001  compared  with  RAD001  or  BEZ235 
alone. 
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RAD001  -induced  increase  in  p-Akt  (e.g.,  in  H157  cells)  (Fig.  5). 
Thus,  it  seems  that  the  RAD001  and  BEZ235  combination  can 
display  enhanced  effects  on  suppressing  the  mTOR  signaling  and 
the  expression  of  its  regulated  proteins  with  limited  or  no 
inhibitory  effects  on  Akt  phophorylation. 


The  Combination  of  RAD001  and  BEZ235  Exerts  Enhanced 
Effects  on  Suppressing  elF4F  Assembly 

Since  mTOR  signaling  is  known  to  positively  regulate  cap- 
dependent  translation  initiation,  we  further  analyzed  the  effects  of 
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Figure  3.  The  concurrent  combination  of  BEZ235  and  RAD001  effectively  inhibits  colony  formation  ands  growth  of  NSCLC  cell.  The 

indicated  cell  lines  at  a  density  of  approximately  200  cells/well  were  seeded  in  24-well  plates.  On  the  second  day,  the  cells  were  treated  with  1  nM 
RAD001  (RAD),  5  nM  BEZ235  (BEZ)  or  their  concurrent  combinations  (RAD+BEZ).  The  cells  were  also  treated  with  1  nM  RAD001  for  6  days  followed 
with  5  nM  BEZ235  for  another  6  days  (RAD+BEZ)  or  with  5  nM  BEZ  for  6  days  followed  with  1  nM  RAD001  for  another  6  days  (BEZ^RAD).  After  12 
days,  the  plates  were  stained  for  the  formation  of  cell  colonies  with  crystal  violet  dye.  The  picture  of  the  colonies  was  then  taken  using  a  digital 
camera  (A)  and  the  colony  numbers  were  counted  (B).  ***,  P<0.001  compared  with  DMSO  control;  ###,  P<0.001  compared  with  all  other 
treatments. 

doi:1 0.1 371  /journal. pone.0020899.g003 


RAD001  and  BEZ235  combination  on  the  cap  binding  of  eIF4E 
and  eIF4G  (e.g.,  eIF4F  assembly)  with  the  m7GTP-Sepharose  pull 
down  assay.  As  presented  in  Fig.  5B,  RAD0001  and  BEZ235  alone 
reduced  the  amounts  of  eIF4G  that  interacted  with  eIF4E. 
However,  the  combination  of  RAD001  and  BEZ235  was  much 
more  effective  that  either  agent  alone  in  decreasing  the  amounts  of 
eIF4G  binding  to  eIF4E.  Theses  results  clearly  indicate  that  the 
combination  of  RADOOl  and  BEZ235  exerts  enhanced  effects  on 
suppressing  the  cap  binding  of  eIF4E  and  eIF4G  or  eIF4F 
assembly. 

The  Combination  of  RADOOl  and  BEZ235  Does  not 
Exhibit  Enhanced  Effects  on  Inhibiting  the  Assembly  of 
mTORCs 

It  is  known  that  the  assembly  or  association  of  the  mTOR  with 
its  partners  (e.g.,  raptor  and  rictor)  is  essential  for  distinct  enzyme 
activities  and  biological  functions.  RADOOl,  like  rapamycin, 
suppresses  mTOR  signaling  by  inhibiting  the  assembly  of  the 
mTORCs  [16].  Thus,  we  further  determined  whether  the 


combination  of  RADOOl  and  BEZ235  exerted  enhanced 
inhibitory  effects  on  the  assembly  of  the  mTORCs  including 
mTORCl  (mTOR/raptor)  and  mTORC2  (mTOR/rictor).  To 
this  end,  we  did  immunoprecipitation  (IP)  with  anti-mTOR 
antibody  to  pull  down  both  mTORCl  and  mTORC2  and  then 
followed  with  Western  blotting  to  detect  raptor  and  rictor  in  the 
immunoprecipitates.  As  presented  in  Fig.  6,  BEZ235  had 
minimal  effects  on  reducing  the  levels  of  raptor  and  rictor  in 
the  immunoprecipitates,  whereas  RADOOl  substantially  reduced 
the  levels  of  both  raptor  and  rictor  pulled  down  by  mTOR 
antibody.  The  combination  of  RADOOl  and  BEZ235  had  similar 
potency  to  RADOO 1  alone  in  reduction  of  the  levels  of  raptor  and 
rictor  in  the  immunoprecipitates,  indicating  that  the  combination 
does  not  exhibit  enhanced  effects  on  inhibiting  the  assembly  of 
mTORCl  and  mTORC2. 

Discussion 

Development  of  rapamycin  resistance  is  a  critical  issue  in  the 
treatment  of  cancer  with  rapamycin  and  its  analogues  [17], 
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Figure  4.  The  combination  of  BEZ235  and  RAD001  is  signifi¬ 
cantly  more  effective  than  each  single  agent  in  suppressing  the 
growth  of  NSCLC  xenografts.  A549  xenografts  were  treated  (once  a 
day)  with  vehicle  control,  RAD001  (3  mg/kg,  og),  BEZ235  (20  mg/kg,  og) 
and  their  combination  (BEZ+RAD)  starting  on  the  same  day  after 
grouping.  Tumor  sizes  (A)  and  body  weight  (Q  were  measured  once 
every  two  days.  After  14  days,  the  mice  were  sacrificed  and  the  tumors 
were  removed  and  weighed  (B).  Each  measurement  is  a  mean  ±  SD 
(n  =  6).  The  numbers  in  C  represent  body  weight  loss  in  the 
combination  group  compared  with  control  group.  *  P< 0.05  compared 
with  vehicle  control;  **  P< 0.01  compared  with  vehicle  control;  *** 
PC0.001  compared  with  vehicle  control;  ##  p<0.01  compared  with 
RAD001  or  with  BEZ235. 
doi:1 0.1 371/journal.pone.0020899.g004 


BEZ235  is  a  PI3K  and  mTOR  dual  kinase  inhibitor  [6],  Our 
study  demonstrated  that  BEZ235  inhibited  the  growth  of 
rapamycin-resistant  cells  and  induced  apoptosis  as  effectively  as 
it  did  in  the  matched  parent  cells.  In  fact,  rapamycin-resistant  cells 
were  slightly  more  sensitive  than  their  parental  cells  to  BEZ235 
(Fig.  1).  These  data  suggest  that  rapamycin-resistant  cells  are  not 
cross-resistant  to  BEZ235.  Since  this  cell  line  had  been  shown  to 
be  fully  resistant  to  RAD001,  our  findings  suggest  that  BEZ235 
inhibits  the  growth  of  cancer  cells  through  different  mechanisms 
from  those  that  mediate  the  actions  of  rapalogs.  It  will  be 
interesting  to  know  if  BEZ235  possess  additional  mechanism 
beyond  dual  inhibition  of  PI3K  and  BEZ235.  Beside,  our  data  also 
imply  that  BEZ235  can  be  used  to  overcome  rapamycin  resistance. 

Although  BEZ235  inhibits  both  PI3K  and  mTOR,  in 
combination  with  RAD001,  it  exerts  synergistic  effects  in 
inhibiting  the  growth  of  a  panel  of  NSCLC  cells  as  demonstrated 
in  a  3-day  monolayer  culture  (with  the  SRB  assay)  and  in  a  long¬ 
term  12  days  colony  formation  assay  (Figs.  2  and  3).  This  synergy 
is  likely  due  to  enhanced  effects  on  induction  of  cell  cycle  G 1  arrest 
and  apoptosis  (Fig.  2).  In  agreement,  the  combination  of  RAD001 
and  BEZ235  was  significantly  more  effective  than  either  agent  in 
inhibiting  the  growth  of  NSCLC  xenografts  in  nude  mice  (Fig.  4). 
In  the  animal  study,  we  noted  that  the  combination  initially  caused 
significant  loss  of  body  weight  (up  to  19%  of  control);  however,  at 
the  end  of  the  experiment,  mice  receiving  the  combination 
treatment  seemed  to  recover  some  of  the  weight  loss  (13%  of 
control).  This  suggests  that  the  mice  can  adapt  and  eventually 
tolerate  the  treatment  with  the  combination  of  RAD001  and 
BEZ235.  Nonetheless,  we  should  aware  potential  enhanced 
adverse  effects  caused  by  the  combination  while  the  combination 
shows  promising  synergistic  anticancer  activity. 

Treatment  schedules  may  impact  the  final  outcome  of  the  given 
combinational  therapy.  In  this  study,  we  found  that  the  sequential 
treatments  with  RADOOl  followed  by  BEZ235  or  with  BEZ235 
followed  by  RADOOl  minimally  inhibited  the  growth  of  NSCLC 
colonies;  in  contrast,  the  concurrent  treatment  of  RADOOl  and 
BEZ235  substantially  inhibited  growth  of  NSCLC  colonies  or 
eliminated  the  colony  formation  (Fig.  3).  This  is  also  true  for  the 
combination  of  rapamycin  and  LY294002  (Fig.  SI).  Our  data 
suggests  that  the  concurrent  combination  of  RADOOl  and 
BEZ235  may  be  optimal  for  further  development  of  this 
combination. 

The  IC50S  (concentrations  of  inhibiting  50%  cell  growth)  of 
BEZ235  in  human  NSCLC  cells  range  from  10  11M  to  100  nM 
(our  unpublished  data).  In  our  combination  experiments,  we 
typically  used  low  dose  ranges  of  BEZ235  (e.g.,  1-10  nM).  At  these 
doses,  BEZ235  had  a  weak  inhibitory  effect  on  p-S6  phosphor¬ 
ylation  but  did  not  modulate  p-4EBPl  phosphorylation  or  the 
levels  of  c-Myc  and  cyclin  D 1 .  At  a  dose  of  2  nM,  RAD00 1 
effectively  inhibited  the  phosphorylation  of  S6  and  4EBP 1  (S65), 
but  did  not  suppress  4EBP1  phosphorylation  (T37/46)  and  c-Myc 
and  cyclin  D1  expression.  However,  the  combination  of  RADOOl 
and  BEZ235  effectively  inhibited  p-4EBPl  phosphorylation  (at 
T37/46)  and  reduced  the  levels  of  c-Myc  and  cyclin  D1  (Fig.  5A). 
Moreover,  we  showed  that  the  combination  of  RADOOl  and 
BEZ235  was  much  more  potent  than  either  single  agent  in 
inhibiting  the  cap  binding  of  eIF4E  and  eIF4E  or  eIF4F  assembly 
(Fig.  5B),  implying  that  the  combination  exerts  enhanced 
inhibitory  effect  on  cap-dependent  initiation.  Since  c-Myc  and 
cyclin  D1  are  known  to  be  regulated  by  the  mTOR  signaling 
through  cap-dependent  protein  translation  [18],  our  data  indicate 
that  the  combination  of  RADOOl  and  BEZ235  exerts  enhanced 
effect  on  inhibiting  the  mTOR  signaling  and  the  expression  of  its 
regulated  oncogenic  proteins  (e.g.,  c-Myc  and  cyclin  Dl).  This 
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Figure  5.  Effects  of  BEZ235  and  RAD001  combination  on  the  mTOR  signaling  (A),  on  the  expression  of  mTOR-regulated  proteins  (A) 

and  on  the  assembly  of  elF4F  complex  (B).  A,  The  indicated  cell  lines  were  plated  in  10  cm-diameter  cell  culture  dishes  and  treated  next  day 
with  the  given  concentrations  of  BEZ-235  in  the  absence  and  presence  of  RAD001  for  24  h.  The  cells  were  then  harvested  for  preparation  of  whole¬ 
cell  protein  lysates  and  subsequent  Western  blot  analysis  to  detect  the  indicated  proteins.  B,  The  indicated  cell  lines  were  treated  with  2  nM  RAD001, 
10  nM  BEZ235  or  their  combination.  After  24  h,  the  cells  were  harvested  for  preparation  of  whole-cell  protein  lysates  and  subsequent  m7GTP  pull¬ 
down  assay  followed  with  Western  blot  analysis  to  detect  the  given  proteins. 
doi:1 0.1 371/journal.pone.0020899.g005 


effect  may  contribute  to  the  synergistic  activity  against  the  growth 
of  NSCLC  cells  in  vitro  and  in  vivo  by  the  combination  of  RAD001 
and  BEZ235. 

In  this  study,  RAD00 1  increased  Akt  phosphorylation  in  both  in 
A549  and  H157  cells;  this  is  in  agreement  with  our  previous 
reports  [9].  At  the  concentrations  tested  (e.g.,  1-10  nM),  BEZ235 
increased  p-Akt  levels  as  well.  This  observation  is  consistent  with  a 
previous  report,  in  which  BEZ235  was  shown  to  increase  Akt 
phosphorylation  at  low  doses  (e.g.,  10  nM)  [19],  It  had  been 
previously  shown  that  higher  concentrations  of  BEZ235  are 
needed  (e.g.,  >100  nM)  to  inhibit  Akt  compared  with  that  (e.g., 
>10  nM)  required  for  inhibiting  S6  phosphorylation  [19].  Thus,  it 
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Figure  6.  The  combination  of  RAD001  and  BEZ235  does  not 
enhance  disruption  of  mTORC  assembly.  A549  cells  were  treated 
with  2  nM  RAD001,  10  nM  BEZ235  or  their  combination.  After  24  h,  the 
cells  were  harvested  for  preparation  of  whole-cell  protein  lysates  and 
subsequent  IP-Western  blotting. 
doi:1 0.1 371/journal.pone.0020899.g006 
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appears  that  BEZ235  primarily  possesses  mTOR-inhibitory 
activity  at  the  low  concentrations  ranges.  Accordingly,  it  is 
understandable  that  BEZ235  at  low  concentration  ranges 
increases  Akt  phosphorylation  as  would  be  expected  of  a  rapalog 
[9,15].  Interestingly,  the  combination  of  RAD001  and  BEZ235 
did  not  reduce  p-Akt  levels,  which  were  as  high  as  those  in  cells 
treated  with  RAD001  or  BEZ235  alone  (Fig.  5).  Given  that  the 
combination  of  RAD001  and  BEZ235  effectively  inhibits  the 
growth  of  NSCLC  cells  as  discussed  above,  it  appears  that  the 
combination  of  RAD001  and  BEZ235  can  exert  enhanced 
anticancer  activity  with  elevated  levels  of  p-Akt. 

mTOR  exerts  its  critical  roles  in  promoting  cell  cycle 
progression  and  cell  proliferation  primarily  through  interactions 
with  other  proteins  such  as  raptor  (forming  mTORC  1)  and  rictor 
(forming  mTORC2)  [18,20].  mTORC2  is  generally  thought  to  be 
insensitive  to  rapalogs  [18],  However,  prolonged  treatment  with 
these  mTOR  inhibitors  disrupts  the  assembly  of  the  mTORC2  as 
demonstrated  by  us  [9]  and  others  [21],  In  this  study,  after  a  24  h 
treatment,  RAD001,  but  not  BEZ235,  effectively  inhibit  the 
assembly  or  activity  of  both  mTORC  1  and  mTORC2.  The 
combination  of  RAD001  and  BEZ235  did  not  further  reduce  the 
levels  of  raptor  and  rictor  in  the  immunoprecipitates  (Fig.  6), 
demonstrating  that  the  combination  does  not  display  enhanced 
effects  on  inhibiting  the  assembly  of  mTORCs.  Based  on  these 
observations,  we  speculate  that  the  enhanced  effects  on  suppres¬ 
sion  of  the  mTOR  signaling  by  the  combination  is  likely  due  to 
their  distinctive  effects  on  inhibiting  the  mTORC  assembly  and 
mTOR  kinase  activity.  It  is  generally  believe  that  a  synergy  is 
achieved  through  a  corporation  of  two  drugs  functioning  via 
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distinct  mechanisms.  Since  BEZ235  effectively  inhibits  the  growth 
of  the  rapamycin-resistant  cells,  it  is  also  possible  that  the  synergy 
between  RAD001  and  BEZ235  against  the  growth  of  lung  cancer 
cells  occurs  through  an  unknown  mechanism  of  BEZ235,  which 
needs  further  investigation. 

In  summary,  the  current  study  has  demonstrated  that  the 
combination  of  RAD001  and  the  PI3K/mTOR  inhibitor  BEZ235 
exhibits  synergistic  inhibition  on  the  growth  of  NSCLC  cells  in  vitro 
and  in  vivo  and  thus  represents  a  novel  strategy  to  enhance  the 
efficacy  of  mTOR-targeted  cancer  therapy.  Our  findings  provide 
the  rationale  to  evaluate  this  combination  in  clinical  trials  for 
patients  with  rapalog-sensitive  and  refractory  malignancies. 

Supporting  Information 

Figure  SI  Concurrent  combination  of  rapamycin  and 
LY294002  is  more  effective  than  sequential  treatments 
in  inhibiting  the  formation  and  growth  of  NSCLC 
colonies.  The  indicated  cell  lines  at  a  density  of  approximately 
200  cells/well  were  seeded  in  24-well  plates.  On  the  second  day, 
cells  were  treated  with  1  nM  rapamycin  (Rap)  alone,  5  nM 
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Autophagy  is  a  cellular  lysosomal  degradation  pathway  essential  for  regulation  of  cell  survival  and  death  to  maintain 
homeostasis.  This  process  is  negatively  regulated  by  mammalian  target  of  rapamycin  (mTOR)  signaling  and  often 
counteracts  efficacy  of  certain  cancer  therapeutic  agents.  NVP-BEZ235  (BEZ235)  is  a  novel,  orally  bioavailable  dual  PI3K/ 
mTOR  inhibitor  that  has  exhibited  promising  activity  against  non-small  cell  lung  cancer  (NSCLC)  in  preclinical  models. 
The  current  study  focuses  on  evaluating  the  role  of  BEZ235  in  regulating  autophagy.  BEZ235  was  effective  in  inhibiting 
the  growth  of  NSCLC  cells  including  induction  of  apoptosis.  It  also  potently  induced  the  expression  of  type-ll  LC3, 
indicating  induction  of  autophagy.  When  BEZ235  was  used  in  combination  with  the  lysosomal  or  autophagic  inhibitor 
chloroquine  (CQ),  enhanced  inhibitory  effects  on  monolayer  growth  and  colony  formation  of  NSCLC  cells  was  observed. 
In  addition,  enhanced  induction  of  apoptosis  was  also  detected  in  cells  exposed  to  the  combination  of  BEZ235  and  CQ. 
Moreover,  the  combination  of  BEZ235  and  CQ  was  more  effective  than  each  single  agent  alone  in  inhibiting  the  growth 
of  NSCLC  xenografts  in  nude  mice.  Thus,  induction  of  autophagy  by  BEZ235  appears  to  be  a  survival  mechanism  that 
may  counteract  its  anticancer  effects.  Based  on  these,  we  suggest  a  strategy  to  enhance  BEZ235's  anticancer  efficacy  by 
blockade  of  autophagy. 


Introduction 

Non-small  cell  lung  cancer  (NSCLC)  has  remained  the  leading 
cause  of  cancer-related  deaths  and  has  a  poor  5-y  survival  rate 
(<16%)  despite  improvements  in  therapeutic  options.1  Thus  novel 
agents  or  efficacious  therapeutic  regimens  are  urgently  needed. 

It  is  known  that  phosphoinositide-3-kinase  (PI3K)/Akt  sig¬ 
naling  and  its  regulated  mTOR  axis  promotes  cancer  cell  pro¬ 
liferation  and  survival  and  is  often  activated  in  human  cancers. 
Moreover,  activation  of  this  signaling  pathway  is  associated  with 
resistance  to  cytotoxic  chemotherapy.2,3  Therefore,  targeting  the 
PI3K/Akt/mTOR  signaling  pathway  has  become  an  attractive 
therapeutic  strategy.4,5  In  NSCLC,  the  PI3K/Akt/mTOR  sig¬ 
naling  pathway  is  aberrantly  activated,  largely  due  to  frequent 
mutations  of  its  upstream  regulators  including  K-Ras,  LKB1  and 
epidermal  growth  factor  receptor  (EGFR).6'8  Thus,  the  PI3K/ 
Akt/mTOR  signaling  pathway  is  also  a  promising  therapeutic 
target  for  NSCLC. 

Consequently,  small  molecule  drugs  that  target  this  sig¬ 
naling  pathway  have  been  actively  developed  and  tested  pre- 
clinically  and  clinically.5,9,10  One  such  compound  is  NVP- 
BEZ235  (BEZ235),  a  novel  and  orally  available  dual  PI3K 
and  mTOR  inhibitor.  This  compound  potently  and  reversibly 


inhibits  both  class  I  PI3K  and  mTOR  kinase  catalytic  activity  by 
competing  at  their  ATP-binding  site.11  BEZ235  is  currently  being 
studied  in  phase  I/II  clinical  trials.  A  preclinical  study  has  shown 
that  BEZ235  causes  marked  tumor  regression  in  mouse  lung 
adenocracinomas  initiated  by  expression  of  pllO-ct  H1047R,  but 
is  ineffective  in  mutant  K-Ras-initiated  models  unless  combined 
with  a  MEK  inhibitor.12  In  contrast,  another  recent  study  has 
demonstrated  that  BEZ235  effectively  induces  a  striking  growth- 
inhibitory  effect  against  both  oncogeneic  K-Ras-induced  lung 
adenocarcinomas  in  transgenic  mice  and  human  NSCLC  xeno¬ 
grafts  harboring  K-Ras  mutation  in  nude  mice.13  In  certain  types 
of  NSCLC  (e.g.,  with  EGFR  mutation),  BEZ235  alone  does 
not  induce  apoptosis  but  does  so  when  combined  with  a  MEK 
inhibitor,14  suggesting  a  necessity  to  combine  with  other  agents 
to  improve  its  anticancer  efficacy. 

Autophagy  is  a  cellular  lysosomal  degradation  pathway  that 
is  essential  for  regulation  of  cells  survival  and  death  to  maintain 
cellular  homeostasis.15,16  One  of  the  key  regulators  of  autophagy 
is  mTOR,  which  is  the  major  inhibitory  signal  that  shuts  off 
autophagy  in  the  presence  of  growth  factors  and  abundant  nutri¬ 
ents.16  Accordingly,  inhibition  of  mTOR  signaling  (e.g.,  by  the 
mTOR  inhibitor  rapamycin)  induces  autophagy.17  Autophagy 
can  be  either  a  pro-survival  or  death  mechanism  depending  on 
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Figure  1.  BEZ-235  inhibits  cell  growth  (A)  and  induces  apoptosis  (B)  in 
human  lung  cancer  cells.  (A)  The  indicated  lung  cancer  cell  lines  were 
seeded  in  96-well  plates  and  then  treated  with  different  concentrations 
of  BEZ235  as  indicated  on  the  second  day.  After  3  d,  the  cell  numbers 
were  estimated  using  the  SRB  assay.  Points,  means  of  four  replicate 
determinations;  bars,  ±  SD.  (B)  The  indicated  cell  lines  were  plated  in 
6-well  plates  and  then  treated  next  day  with  different  concentrations  of 
BEZ235  as  indicated.  After  3  d,  the  cells  were  subjected  to  measurement 
of  apoptosis  using  Annexin  V  staining.  Columns,  means  of  duplicate 
measurements;  bars  ±  SD. 


the  circumstances,15,16  thus  generating  variable  impact  on  the  out¬ 
come  of  cancer  therapy. 

In  this  study,  we  focused  on  addressing  the  role  of  BEZ235 
on  the  induction  of  autophagy  in  human  NSCLC  cells  and 
determining  the  impact  of  autophagy  induction  on  its  antican¬ 
cer  activity  against  NSCLC.  We  found  that  BEZ235  induced 
autophagy  while  inhibiting  the  growth  of  NSCLC  cells.  When 
combined  with  a  lysosomal  or  authophagic  inhibitor,  the  effects 
of  BEZ235  on  induction  of  apoptosis,  inhibition  of  colony  for¬ 
mation  and  suppression  of  xenografts  in  nude  mice  were  substan¬ 
tially  enhanced. 

Results 

BEZ235  inhibits  cell  growth  and  induces  apoptosis  in  human 
NSCLC  cells.  To  determine  the  effects  of  BEZ235  on  the  growth 
of  human  NSCLC  cells,  we  treated  a  panel  of  NSCLC  cell  lines 
with  various  concentrations  of  BEZ235  (0.5-200  nM)  for  3  d  and 
then  estimated  cell  numbers  with  the  SRB  assay.  All  six  tested  cell 


lines  responded  well  to  BEZ235  treatment.  The  IC50s  of  BEZ235 
for  these  cell  lines  were  within  the  range  of  10—50  nM  (Fig.  1A). 
Moreover,  we  determined  whether  BEZ235  induces  apoptosis 
in  NSCLC  cells.  As  presented  in  Figure  IB,  BEZ235  induced 
apoptosis  in  both  H157  and  H1299  cells.  However,  H1299  cells 
were  less  sensitive  than  H157  cell  to  BEZ235 -induced  apoptosis. 
Nearly  10-fold  higher  concentrations  of  BEZ235  were  required 
to  induce  apoptosis  in  H1299  cells  compared  with  H157  (100 
vs.  10  nM).  Thus,  it  appears  that  NSCLC  cell  lines  have  variable 
sensitivities  to  undergo  BEZ235-induced  apoptosis. 

BEZ235  inhibits  Akt  and  mTOR  signaling  in  human 
NSCLC  cells.  We  next  determined  whether  BEZ235  inhibits 
PI3K/Akt/mTOR  signaling  pathway  in  human  NSCLC  cells. 
We  treated  three  NSCLC  cell  lines,  H157,  H1299  and  A549,  with 
increasing  concentrations  of  BEZ235  for  12  h  and  then  harvested 
the  cells  for  detection  of  phosphorylation  of  certain  key  proteins 
in  the  signaling  pathway  by  protein  gel  blot  analysis.  As  shown 
in  Figure  2,  BEZ235  reduced  the  levels  of  p-Akt,  p-4EBPl  and 
p-S6  in  a  concentration-dependent  manner,  indicating  that 
BEZ235  inhibits  the  PI3K/Akt/mTOR  signaling  pathway  in 
human  NSCLC  cells.  Interestingly,  we  noted  that  BEZ235  at 
10  nM  increased  p-Akt  levels  in  H1299  cells  although  it  inhibited 
Akt  phosphorylation  at  high  concentrations  (e.g.,  50—100  nM). 

BEZ235  induces  autophagy  in  human  NSCLC  cells.  Given 
the  critical  role  of  mTOR  in  negatively  regulating  autophagy,16,17 
we  then  studied  whether  BEZ235  induces  authophagy  in  human 
NSCLC  cells.  By  protein  gel  blotting,  we  detected  increased  lev¬ 
els  of  type  II  LC3  (LC3-II)  expression,  a  lysosome-bound  form 
of  LC3,  in  cells  exposed  to  BEZ235  (Fig.  3A).  Moreover,  we 
detected  punctate  staining  of  YFP-LC3  in  cells  infected  with 
lentiviral  YFP-LC3  when  exposed  to  BEZ235  ranging  from 
10-100  nM  (Fig.  3B),  indicating  the  formation  of  autophago¬ 
somes.  Collectively,  these  data  demonstrate  that  BEZ235  induces 
autophagy  in  human  NSCLC  cells. 

Inhibition  of  autophagy  enhances  the  effects  of  BEZ235  on 
suppressing  cell  growth  and  induction  of  apoptosis.  Autophagy 
can  be  a  cell  survival  or  death  mechanism.18  To  determine 
whether  induction  of  autophagy  by  BEZ235  is  a  survival  or  death 
mechanism,  we  analyzed  the  effects  of  BEZ235  on  cell  growth 
and  apoptosis  in  the  presence  of  the  lysosomal  protease  inhibi¬ 
tor  chloroquine  (CQ)  in  several  human  NSCLC  cells.  As  shown 
in  Figure  4A,  the  combination  of  BEZ235  and  CQ  was  more 
potent  than  either  agent  alone  in  inhibiting  the  growth  of  the 
NSCLC  cells  lines  (p  <  0.01  or  0.001).  Furthermore,  we  exam¬ 
ined  apoptosis  in  cells  exposed  to  BEZ235  alone,  CQ  alone  and 
their  combination.  As  presented  in  Figure  4B,  both  BEZ235  and 
CQhad  a  weak  effect  on  the  induction  of  apoptosis  in  both  A549 
and  H1299  cell  lines;  however,  the  combination  of  BEZ235  and 
CQ  was  much  more  potent  than  either  agent  alone  in  inducing 
apoptosis.  The  highest  levels  of  cleaved  PARP  was  observed  in 
cells  exposed  to  the  combination  than  in  cells  exposed  to  either 
agent  alone  (Fig.  4C).  Thus,  it  is  clear  that  inhibition  of  autoph¬ 
agy  enhances  the  ability  of  BEZ235  to  induce  apoptosis. 

To  further  demonstrate  the  impact  of  autophagy  blockade 
on  BEZ235’s  effect  on  inhibition  of  NSCLC  cell  growth,  we 
conducted  a  colony  formation  assay  which  allows  for  long-term 
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repeating  treatments.  As  shown  in  Figure  5,  BEZ235 
alone  at  the  tested  conditions  partially  inhibited 
the  growth  of  colony  formation  of  NSCLC  cells. 
In  the  presence  of  CQ,  this  effect  was  substantially 
enhanced  in  both  A549  (p  <  0.001)  and  H1299 
(p  <  0.05  or  0.001).  In  A549  cells,  the  combination 
of  BEZ235  and  CQ  eliminated  cell  colonies  in  com¬ 
parison  with  either  agent  alone  that  only  partially 
inhibited  the  formation  and  growth  of  colonies. 
These  results  further  support  the  notion  that  inhibi¬ 
tion  of  autophagy  enhances  the  effects  of  BEZ235  on 
inhibiting  cell  growth  and  inducing  apoptosis. 

BEZ235  combined  with  autophagy  block¬ 
ade  exhibits  enhanced  antitumor  activity  against 
NSCLC  xenografts  in  nude  mice.  We  further  tested 
whether  inhibition  of  autophagy  enhances  the  anti¬ 
cancer  activity  of  BEZ235  in  vivo.  In  A549  xenograft 
model,  treatment  with  the  BEZ235  alone  or  CQ 
alone  did  not  significantly  inhibit  the  growth  of  xeno¬ 
graft  tumors;  however  the  combination  of  BEZ235 
and  CQ  significantly  (p  <  0.001)  suppressed  tumor 
growth  compared  with  vehicle  control  treatment 
(Fig.  6A).  The  combination  did  not  significantly 
reduce  mouse  body  weight  (Fig.  6B),  indicating  the 
lack  of  significant  toxicity.  These  data  provide  in  vivo 
evidence  for  enhancement  of  efficacy  of  BEZ235  by 
preventing  autophagy. 

Discussion 

In  the  current  study,  we  examined  the  effects  of 
BEZ235  on  the  growth  of  a  panel  of  NSCLC  cell 
lines  and  found  that  BEZ235  effectively  inhibited 
the  growth  of  these  cell  lines  with  IC50s  of  lower 
than  100  nM.  Moreover,  BEZ235  induced  apopto¬ 
sis  in  NSCLC  cells  as  demonstrated  in  other  types 
of  cancer  cells.19,20  Thus,  it  is  clear  that  BEZ235  is 
effective  in  inhibiting  the  growth  of  NSCLC  cells. 
It  was  previously  reported  that  BEZ235  treatment 
is  ineffective  in  mutant  K-Ras-initiated  mouse  lung 
adenocarcinoma  model  although  generating  marked 
tumor  regression  in  mouse  lung  adenocracinomas 
initiated  by  mutant  pi  lOct.12  In  contrast  to  this 
study,  another  recent  study  has  demonstrated  that 
BEZ235  effectively  induces  a  striking  growth-inhib¬ 
itory  effect  against  both  oncogeneic  K-Ras-induced 
lung  adenocarcinimas  in  transgenic  mice  and  human 
NSCLC  xenografts  harboring  K-Ras  mutation  in 
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1  In  our  study,  most  of  the  tested  cell  lines 


(i.e„  A549,  H522,  H460,  H1792  and  H157)  have 
mutated  K-Ras21  and  are  equally  sensitive  as  other 
cell  lines  without  K-Ras  mutation  (e.g.,  HCC827)  to 
BEZ235.  Thus  our  findings  support  the  efficacy  of 
BEZ235  in  NSCLC  cells  with  K-Ras  mutation. 

The  novel  finding  in  this  study  is  that  BEZ235 
potently  induces  autopagy  in  NSCLC  cells  while 
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Figure  2.  BEZ-235  inhibits  Akt  and  mTOR  signaling  in  human  lung  cancer  cells.  The 
indicated  cell  lines  were  plated  in  10  cm-diameter  cell  culture  dishes  and  treated  next 
day  with  the  given  concentrations  of  BEZ-235  for  12  h.  The  cells  were  then  harvested 
for  preparation  of  whole-cell  protein  lysates  and  subsequent  protein  gel  blot  analysis. 


Figure  3.  BEZ-235  induces  type  II  LC3  expression.  (A)  The  same  whole-cell  protein 
lysates  as  described  in  Figure  2  were  used  for  detection  of  LC3  with  protein  gel  blot 
analysis.  (B)  A549/LC3-YFP  cells  were  plated  in  6-well  plates  and  then  treated  with 
indicated  concentrations  of  BEZ-235.  After  24  and  48  h,  fluorescence  images  recorded 
taken  with  a  fluorescence  microscopy. 
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Figure  4.  BEZ235  in  combination  with  CQ  exerts  enhanced  effects  on  inhibiting  the  growth  (A)  and 
on  inducing  apoptosis  (B  and  C)  of  human  lung  cancer  cells.  (A)  Given  cell  lines  were  seeded  in  96-well 
plates  and  then  treated  next  day  with  BEZ235,  CQ  and  their  combination  as  indicated  for  3  d.  The  cell 
numbers  were  then  estimated  using  the  SRB  assay.  Points,  mean  of  four  replicate  determinations;  bars 
±  SD  **p  <  0.01  and  ***p  <  0.001  compared  with  BEZ235  alone  or  CQ  alone.  (B  and  C)  The  indicated 
cell  lines  were  seeded  in  6-well  plates  and  then  treated  on  the  second  day  with  25  nM  BEZ-235,  20  pM 
CQ  and  their  combination.  After  48  h,  the  cells  were  harvested  for  measurement  of  apoptosis  using 
Annexin  V  staining  (B)  and  for  detection  of  PARP  cleavage  with  protein  gel  blot  analysis  (C).  Columns, 
means  of  duplicate  measurements;  bars  ±  SD. 


inhibiting  cell  growth  and  initiates  apoptosis,  evidenced  by 
detection  of  increased  levels  of  LC3-II  and  punctate  staining  of 
YFP-LC3  bound  in  autophagosome.  Considering  the  important 
role  of  mTOR  in  negatively  regulating  autophagy,  it  is  not  surpris¬ 
ing  to  detect  autophagy  in  cells  exposed  to  BEZ235,  a  dual  PI3K/ 
mTOR  inhibitor.  Since  autophagy  can  be  either  a  pro-survival  or 
death  mechanism  depending  on  the  circumstances,15,16  we  were 
particularly  interested  in  the  impact  of  autopahgy  induction  on 
the  anticancer  effects  of  BEZ235.  It  was  reported  that  dual  inhibi¬ 
tion  of  PI3K  and  mTOR  with  the  combination  of  rapamycin  and 
LY294002  in  glioma  cells  exhibits  enhanced  antitumor  effect  by 
synergistic  induction  of  autophagy.22  In  our  study,  induction  of 
autophagy  by  BEZ235  is  clearly  a  survival  mechanism  that  coun¬ 
teracts  its  antitumor  efficacy  based  on  the  following  findings: 
(1)  the  combination  of  BEZ235  with  the  lysosomal  inhibitor 
CQ  exerts  enhanced  effects  on  inhibiting  the  growth  of  human 
NSCLC  cells  in  a  monolayer  culture  assay  (Fig.  4A);  (2)  the  com¬ 
bination  exhibits  enhanced  effect  on  inhibiting  the  formation 
and  growth  of  NSCLC  cell  colonies  in  a  long-term  colony  forma¬ 
tion  assay  (Fig.  5A  and  B);  (3)  the  presence  of  CQ  substantially 


augments  BEZ235-induced  apoptosis 
(Fig.  4B  and  C);  and  (4)  BEZ235  and 
CQ  combination  is  more  effective 
than  BEZ235  or  CQ  alone  in  inhibit¬ 
ing  the  growth  of  NSCLC  xenografts 
in  nude  mice  (Fig.  6A).  Our  findings 
are  in  agreement  with  a  recent  report 
that  the  combination  of  BEZ235  and 
CQ  exerts  enhanced  effects  on  induc¬ 
tion  of  apoptosis  and  on  inhibition  of 
xenograft  growth  in  glioma  cells.23 

We  noted  that  the  combination 
of  BEZ235  and  CQ  exhibited  much 
more  impressive  suppression  on 
colony  formation  in  A549  than  in 
H1299  cells  (Fig.  5),  suggesting  that 
different  NSCLC  cell  lines  have  var¬ 
ied  sensitivities  to  the  combination 
treatment.  We  noted  that  BEZ235 
at  10  nM,  a  concentration  used  in 
the  colony  formation  assay,  actually 
increased  p-Akt  levels  in  H1299  cells. 
Under  the  same  condition,  BEZ235 
reduced  p-Akt  levels  in  A549  cells 
(Fig.  2).  This  observation  is  consis¬ 
tent  with  a  previous  report,  in  which 
BEZ235  increased  Akt  phosphoryla¬ 
tion  in  some  cancer  cell  lines  at  low 
doses  (e.g.,  10  nM).20  Whether  Akt 
activation  induced  by  the  low  dose 
of  BEZ235  attenuates  the  efficacy  of 
the  combination  of  BEZ235  and  CQ 
on  the  growth  of  some  NSCLC  cells 
needs  further  investigation. 

In  our  study,  BEZ235  at  10  nM,  a 
concentration  within  the  IC50  ranges 
in  NSCLC  cells  (Fig.  1A),  induced  clear  increase  in  LC3-II 
expression  (Fig.  3),  indicating  that  induction  of  autophagy  in 
cells  exposed  to  BEZ235  is  a  therapeutically  relevant  phenome¬ 
non.  Thus,  our  finding  on  enhancement  of  efficacy  of  BEZ235  by 
blockade  of  autophagy  may  suggest  a  potential  strategy  to  enhance 
therapeutic  efficacy  of  dual  targeting  PI3K  and  mTOR  signaling. 

Materials  and  Methods 

Reagent.  BEZ235  was  supplied  by  Novartis  Pharmaceuticals 
Corporation  (East  Hanover,  NJ),  dissolved  in  DMSO  and  stored 
at  -80°C.  CQ  and  rabbit  polyclonal  anti-actin  antibody  were 
purchased  from  Sigma  Chemical  Co.  (St.  Louis,  MO).  Rabbit 
polyclonal  antibodies  against  Akt,  p-Akt  (S473),  p-p70S6K 
(T389),  p70S6K,  p-4EBPl  (Thr37/46),  4EBP1  and  poly(ADP- 
ribose) polymerase  (PARP),  respectively,  were  purchased  from 
Cell  Signaling  Technology,  Inc.  (Beverly,  MA).  Rabbit  poly¬ 
clonal  microtubule-associated  protein  light  chain  3  (LC3)  anti¬ 
body  (NB100-2220)  was  purchased  from  Novus  Biologicals,  Inc. 
(Littleton,  CO). 
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Figure  5.  BEZ235  and  CQ  combination  results  in  enhanced  inhibitory  effects  on  colony  formation  of  lung  cancer  cells.  The  indicated  cell  lines  at  a  den¬ 
sity  of  approximately  200  cells/well  were  seeded  in  24-well  cell  culture  plates.  On  the  second  day,  cells  were  treated  with  CQ,  BEZ235  (BEZ),  and  their 
combinations  as  indicated.  The  same  treatments  were  repeated  every  3  d.  After  12  d,  the  plates  were  stained  for  the  formation  of  cell  colonies  with 
crystal  violet  dye.  The  representative  pictures  of  the  colonies  were  taken  using  a  digital  camera  (A)  and  colonies  were  counted  manually  (B).  Columns, 
means  of  four  replicate  measurements;  bars  ±  SD  ***p  <  0.001  compared  with  BEZ235  (1 0  nM)  alone. 


Cell  lines  and  cell  culture.  The  human  lung  cancer  cell  lines 
used  in  this  study  were  described  previously  in  reference  24.  A549 / 
YFP-LC3  stable  line  was  established  by  infecting  A549  cells  with 
lentiviruses  carrying  lentiviral  YFP-LC3  expression  construct  as 
generated  below.  These  cell  lines  were  grown  in  monolayer  cul¬ 
ture  in  RPMI  1640  medium  supplemented  with  5%  fetal  bovine 
serum  (FBS)  at  37°C  in  a  humidified  atmosphere  consisting  of 
5%  C02  and  95%  air. 

Generation  of  lentiviral  YFP-LC3  expression  construct.  LC3 
cDNA,  which  was  amplified  with  RT-PCR  from  total  cellular 
RNA  extracted  from  H157  cells  with  the  following  primers:  LC3 
Bglll,  5-ATA  TAT  AGA  TCT  CCG  TCG  GAG  AAG  ACC 
TTC-3',  and  LC3  EcoRI,  5-GCG  CGC  GAA TTC  TTA  CAC 
TGA  CAA  TTT  CAT-3',  was  cloned  into  pEYFP-Cl  vector  in 
the  same  reading  frame  with  N-terminal  YFP.  The  BamHI-YFP/ 
LC3-EcoRI  fragment  was  then  obtained  with  PCR  using  the  fol¬ 
lowing  primers  and  inserted  into  FUGW  lentiviral  vector25  with 
BamHI  and  EcoRI  link:  BamHI  YFP,  5-ATA  TAT  GGA  TCC 
ACC  ATG  GTG  AGC  AAG  GGC-3'  and  LC3  EcoRI  (same  as 
above).  The  LC3  sequence  was  confirmed  by  sequencing. 

Cell  survival  assay.  Cells  were  cultured  in  96-well  cell  culture 
plates  and  treated  the  next  day  with  the  agents  indicated.  Viable 
cell  number  was  estimated  using  the  sulforhodamine  B  (SRB) 
assay,  as  previously  described  in  reference  24. 


Colony  formation  assay.  The  effects  of  the  given  drugs  on 
colony  formation  on  plates  were  measured  as  previously  described 
in  reference  26. 

Detection  of  apoptosis.  Apoptosis  was  evaluated  by 
Annexin  V  staining  using  Annexin  V-PE  apoptosis  detection 
kit  purchased  from  BD  Biosciences  (San  Jose,  CA)  follow¬ 
ing  the  manufacturer’s  instructions.  PARP  cleavage  was  also 
detected  by  protein  gel  blotting  as  an  additional  indicator  of 
apoptosis. 

Protein  gel  blot  analysis.  Preparation  of  whole  cell  protein 
lysates  and  protein  gel  blot  analysis  were  described  previously  in 
reference  27  and  28. 

Lung  cancer  xenografts  and  treatments.  Animal  experi¬ 
ments  were  approved  by  the  Institutional  Animal  Care  and  Use 
Committee  (IACUC)  of  Emory  University.  Five-  to  six-week  old 
female  athymic  (nu/nu)  mice  were  ordered  from  Taconic  (Hudson, 
NY)  and  housed  under  pathogen-free  conditions  in  microisolator 
cages  with  laboratory  chow  and  water  ad  libitum.  A549  cells  at 
5  x  106  in  serum-free  medium  were  injected  s.c.  into  the  flank 
region  of  nude  mice.  When  tumors  reached  certain  size  ranges 
(-100  mm3),  the  mice  were  randomized  into  four  groups  (n  =  61 
group)  according  to  tumor  volumes  and  body  weights  for  the  fol¬ 
lowing  treatments:  vehicle  control,  BEZ235  (30  mg/kg/day, 
og),  CQ  (50  mg/kg/day;  ip),  and  their  combination.  Tumor 


www.landesbioscience.com 


Cancer  Biology &Therapy 


553 


0  2  4  6  8  10  12  14  16 

Treatment  Time  (d) 


volumes  were  measured  using  caliper  measurements  once 
every  2  d  and  calculated  with  the  formula  V  =  tt  (length  x 
width2)/6. 


Figure  6.  BEZ235  and  CQ  combination  results  in  enhanced  inhibitory 
effects  on  the  growth  of  lung  cancer  xenograpts  in  mice.  Mice  with 
A549  xenograpts  were  treated  with  vehicle  control,  CQ  (50  mg/kg) 
alone,  BEZ-235  (30  mg/kg)  alone  and  BEZ-235  plus  CQ  on  the  same  day 
after  grouping.  After  16-d  consecutive  treatment  (once  daily),  the  mice 
were  sacrificed.  Tumor  sizes  (A)  and  body  weight  (B)  were  measured 
once  every  2  d.  Each  measurement  is  a  mean  ±  SD  (n  =  6).  *p  <0.001 
compared  with  the  vehicle  control. 


Statistical  analysis.  The  statistical  significances  among 
treatment  groups  in  cell  cultures  were  analyzed  with  one-way 
analysis  of  variance  (ANOVA).  The  statistical  significance  of 
differences  in  tumor  sizes  between  two  groups  was  analyzed 
with  two-sided  unpaired  Student’s  t-tests  when  the  variances 
were  equal  or  with  Welch’s  corrected  t-test  when  the  vari¬ 
ances  were  not  equal.  All  of  these  analysese  were  done  by  use 
of  Graphpad  InStat  3  software  (GraphPad  Software;  La  Jolla, 
CA).  Results  were  considered  to  be  statistically  significant  at  p 

<  0.05. 
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Eukaryotic  translation  initiation  factor  4E  (elF4E)  is  the  rate-limiting  factor  for  cap-dependent  translation  initiation,  which 
is  known  to  regulate  oncogenesis.  Elevated  elF4E  and  its  negative  impact  on  prognosis  in  human  non-small  cell  lung 
cancer  (NSCLC)  have  been  reported  previously.  However,  its  potential  as  a  therapeutic  target  and  role  in  regulation  of 
sensitivity  to  EGFR  inhibitors  is  an  area  of  ongoing  investigations.  In  this  study,  we  detected  increased  levels  of  elF4E  in  16 
human  NSCLC  cell  lines  compared  with  their  normal  bronchial  epithelial  cells.  Consistently,  human  tissue  array  analysis 
showed  that  elF4E  expression  was  significantly  higher  in  human  NSCLC  tissues  than  normal  tissues.  Inhibition  of  elF4E 
using  elF4E  siRNA  inhibited  the  growth  and  invasion  of  NSCLC  cells.  These  data  suggest  that  elF4E  overexpression  plays 
a  crucial  role  in  positive  regulation  of  the  growth  and  invasion  of  NSCLC  cells.  By  proteomics,  we  found  that  elF4E  levels 
were  elevated  in  erlotinib-resistant  cell  lines  compared  with  the  sensitive  parental  cell  line.  In  agreement,  assembly  of  the 
elF4F  cap  complex  and  several  oncogenic  proteins  regulated  by  the  cap-dependent  translation  mechanism,  were  also 
increased  in  erlotinib-resistant  cells.  Thus,  erlotinib-resistant  cells  exhibit  elevated  elF4E  expression  and  cap-dependent 
translation.  Inhibition  of  elF4F  with  different  means  (e.g.,  gene  knockdown)  downregulated  c-Met  expression  and  partially 
restored  cell  sensitivity  to  erlotinib,  suggesting  that  elevated  elF4E  contributes  to  development  of  erlotinib  resistance, 
likely  through  positive  regulation  of  c-Met  expression.  Taken  together,  we  suggest  that  elevated  elF4E  in  NSCLC  cells  is 
associated  with  proliferation,  invasion  and  acquired  erlotinib  resistance. 


Introduction 

The  long-established  role  of  eukaryotic  translation  initiation 
factor  4E  (eIF4E)  in  the  cytoplasm  is  in  the  initiation  of  cap- 
dependent  translation  of  cellular  mRNAs.  eIF4E  is  a  cap-binding 
protein  component  of  the  eIF4F  complex,  which  includes  the 
RNA  helicase  eIF4A  and  the  scaffolding  protein  eIF4G.  Binding 
of  eIF4E  to  the  cap  structure  on  the  5'  end  of  cellular  mRNAs 
recruits  the  eIF4F  complex  to  the  mRNA.  As  a  result,  the  eIF4F 
complex  can  scan  from  the  5'  cap  through  the  untranslated  region 
(5-UTR),  unwinding  secondary  structure  to  reveal  the  transla¬ 
tion  initiation  codon,  enable  ribosome  loading  and  facilitate  final 
protein  translation.1'2  Thus,  recruitment  of  mRNA  to  the  ribo- 
somal  apparatus  constitutes  a  key  event  in  the  initiation  of  trans¬ 
lation  of  mRNAs  that  are  otherwise  translationally  repressed  due 
to  their  long  5  -UTRs. 

Because  eIF4E  is  the  least  abundant  among  these  initia¬ 
tion  factors  and  is  considered  to  be  the  rate-limiting  factor  for 
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cap-dependent  translation  initiation,  changes  in  the  levels  of 
eIF4E  profoundly  affect  translation  rates.  While  increasing 
global  protein  synthesis  rates,  higher  levels  of  eIF4E  preferentially 
enhance  the  synthesis  of  potent  growth  promoting  proteins  and 
oncogenic  proteins  (e.g.,  c-Myc,  cyclin  Dl,  HIF-1  and  Mcl-1), 
which  usually  have  lengthy,  G/C-rich  and  highly  structured 
5'-UTRs  in  the  mRNAs  and,  under  normal  cellular  conditions, 
are  translationally  repressed.  By  this  mechanism,  cancer-related 
events  such  as  transformation,  tumorigenesis,  angiogenesis,  inva¬ 
sion  and  metastasis  could  be  facilitated. 1,3,4  It  has  been  well  doc¬ 
umented  that  eIF4E  expression  is  frequently  elevated  in  many 
types  of  cancers  and  is  associated  with  malignant  progression. 
Inhibition  of  eIF4E  effectively  suppresses  cellular  transformation 
and  tumor  growth,  invasiveness  and  metastasis.3,5,6 

In  human  non-small  cell  lung  cancer  (NSCLC),  elevated 
eIF4E  expression  has  been  documented  in  several  previous  stud¬ 
ies  in  reference  7—10.  Moreover,  elevated  eIF4E  expression  is 
associated  with  short  survival  of  patients  with  NSCLC.10'12  These 
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results  suggest  that  eIF4E  may  play  an  important  role  in  posi¬ 
tive  regulation  of  the  growth  and  other  oncogenic  phenotypes 
of  NSCLC  cells.  However,  whether  eIF4E  can  serve  as  a  good 
therapeutic  target  in  NSCLC  has  not  been  demonstrated. 

The  epidermal  growth  factor  receptor  (EGFR)  tyrosine  kinase 
inhibitors  (TKIs),  erlotinib  and  gefitinib,  are  effective  therapies 
for  NSCLC  patients  with  somatic  mutations  in  EGFR.  However, 
all  patients  eventually  develop  resistance  (i.e.,  acquired  resistance) 
to  these  agents.13  Thus,  there  is  an  urgent  need  to  understand 
the  mechanism  (s)  of  acquired  resistance  to  develop  effective 
strategies  to  overcome  the  resistance.  Until  now,  two  different 
EGFR-TKI  resistance  mechanisms  have  been  described:  i.e.,  a 
secondary  EGFR  mutation-790M  and  amplification  of  the  c-Met 
oncogene.13 

eIF4E  has  been  suggested  to  be  involved  in  resistance  to  che¬ 
motherapy  and  androgen  ablation  (in  prostate  cancer  cells).14,15 
However,  no  study  has  linked  eIF4E  to  EGFR-TKI  resistance. 
Proteomics  studies  in  comparing  erlotinib-sensitive  and  resistant 
NSCLC  cell  lines  uncovered  an  increase  of  eIF4E  in  erlotinib- 
resistant  cells.  Therefore,  our  present  study  analyzed  eIF4E 
expression  in  human  NSCLC  cells  and  tissues,  demonstrated  its 
potential  as  a  therapeutic  target  against  NSCLC  and  elucidated 
its  involvement  in  acquired  EGFR-TKI  resistance. 

Results 

Human  NSCLC  cells  and  tissues  exhibit  elevated  eIF4E  expres¬ 
sion.  We  first  examined  eIF4E  expression  with  western  blotting 
in  a  panel  of  16  NSCLC  cell  lines  in  comparison  with  two  immor¬ 
talized  normal  human  bronchial  epithelial  (NHBE)  cell  lines 
(i.e.,  BEAS-2B  and  HBEC3KT).  As  presented  in  Figure  1A,  all 
16  NSCLC  cell  lines  possessed  much  higher  levels  of  eIF4E  than 
both  BEAS-2B  and  HBEC3KT  cells,  indicating  that  NSCLC 
cells  exhibit  elevated  elF4E  expression.  Moreover,  we  detected 
eIF4E  expression  with  immunohistochemistry  (IHC)  in  a  tis¬ 
sue  microarray  (TMA)  consisting  of  40  cases  of  stage  I — III  lung 
cancer  tissues  (two  cases  of  small  cell  lung  cancer),  10  cases  of 
metastatic  cancer  tissues  from  the  primary  lung  cancer,  and  9 
cases  of  adjacent  normal  human  lung  tissues.  In  agreement  with 
cell  line  data,  we  detected  positive  eIF4E  staining  in  71.1% 
(27/38)  of  NSCLC  tissues,  but  only  in  11.1%  (1/9)  of  adjacent 
normal  tissues  (Fig.  IB  and  C).  The  eIF4E  expression  was  signif¬ 
icantly  higher  in  NSCLC  tissues  than  in  adjacent  normal  tissues 
(p  =  0.0016).  Among  these  NSCLC  tissues,  we  detected  eIF4E 
expression  in  92.3%  (12/13)  of  squamous  cell  carcinoma,  in 
55.6%  (10/18)  of  adenocarcinoma,  and  in  71.4%  (5/7)  of  other 
NSCLC  sub-types.  Collectively,  it  is  clear  that  eIF4E  expression 
is  elevated  in  human  NSCLCs. 

siRNA-mediated  knockdown  of  eIF4E  inhibits  the  growth 
of  NSCLC  cells.  If  elevated  eIF4E  is  critical  for  the  growth  of 
NSCLC,  we  hypothesized  that  downregulation  of  eIF4E  would 
result  in  inhibition  of  the  growth  of  NSCLC  cells.  To  verify  this, 
we  used  eIF4E  siRNA  to  downregulate  eIF4E  expression  and 
then  determined  its  impact  on  the  growth  of  NSCLC  cells.  As 
shown  in  Figures  2A,  D  and  E,  transfection  of  eIF4E  siRNA 
into  four  NSCLC  cell  lines  (i.e.,  H157,  A549,  801C  and  801D) 


substantially  reduced  the  levels  of  eIF4E  in  comparison  with 
control  siRNA,  indicating  successful  knockdown  of  eIF4E. 
Consequently,  we  found  that  all  eIF4E  siRNA-transfected  cell 
lines  grew  much  slower  than  cell  lines  transfected  with  the  con¬ 
trol  siRNA  (Fig.  2B),  indicating  that  silencing  of  eIF4E  inhibits 
the  growth  of  NSCLC  cells.  Moreover,  we  tested  the  effects  of 
eIF4E  siRNA  transfection  on  the  growth  of  NSCLC  colonies  on 
soft  agar.  Again,  we  detected  much  less  colonies  in  cells  trans¬ 
fected  with  eIF4E  siRNA  than  in  control  siRNA-transfected  cells 
(Fig.  2C),  further  indicating  that  inhibition  of  eIF4E  expression 
suppresses  the  growth  of  NSCLC  cells.  Using  cleaved  PARP  as  a 
readout  of  apoptosis,  we  further  determined  whether  knockdown 
of  eIF4E  induces  apoptosis  in  the  tested  cell  lines.  As  presented  in 
Figure  2D,  we  detected  cleaved  form  of  PARP  in  eIF4E  siRNA- 
transfected  801D  cells,  but  not  in  eIF4E  siRNA-transfected 
H157  cells.  As  a  positive  control,  tumor  necrosis  factor-related 
apoptosis-inducing  ligand  induced  strong  cleavage  of  PARP  in 
the  both  cell  lines.  Thus,  knockdown  of  eIF4E  induces  a  cell 
line-dependent  apoptosis. 

We  also  determined  whether  knockdown  of  eIF4E  expres¬ 
sion  affected  cap-dependent  protein  translation  by  detecting 
several  proteins  regulated  by  cap-dependent  translation  in  eIF4E 
siRNA-transfected  cells.  As  presented  in  Figure  2E,  we  detected 
reduced  levels  of  c-Myc,  cyclin  Dl,  survivin  and  Mcl-1  in  eIF4E 
siRNA-transfected  H157  and  801D  cells  in  comparison  with 
control  siRNA-transfected  cells,  suggesting  that  silencing  of 
eIF4E  expression  in  the  tested  cell  systems  inhibits  cap-depen- 
dent  translation. 

Elevated  eIF4E  expression  is  associated  with  cell  invasion. 

We  detected  that  eIF4E  levels  were  higher  in  801D  cells  (a  highly 
metastatic  cell  line)  than  in  801C  cells  (a  low  metastatic  cell  line) 
(Fig.  3A).  Moreover,  we  noted  that  metastatic  NSCLC  tissues 
tended  to  have  increased  eIF4E  staining  rate  than  their  matched 
primary  tumor  tissues  (100  vs.  60%)  (Fig.  3B).  These  data  sug¬ 
gest  that  eIF4E  may  be  involved  in  regulation  of  cancer  metasta¬ 
sis.  Therefore,  we  next  determined  whether  inhibition  of  eIF4E 
expression  impacted  invasion  of  NSCLC  cells.  The  matrigel 
chamber  invasion  assay  showed  that  801D  cells  had  higher  inva¬ 
sive  capacity  than  801C  cells.  Regardless,  knockdown  of  eIF4E 
expression  significantly  reduced  the  number  of  invasive  cells  in 
both  cell  lines  compared  with  control  siRNA-transfected  cells 
(Fig.  3C  and  D).  Thus,  inhibition  of  eIF4E  expression  suppresses 
the  invasion  of  NSCLC  cells,  suggesting  that  elevated  eIF4E 
expression  is  associated  with  positive  regulation  of  cell  invasion. 

EGFR-TKI-resistant  NSCLC  cells  possess  elevated  eIF4E 
expression  and  cap-dependent  translation.  In  an  effort  to 
understand  the  biology  of  acquired  EGFR-TKI  resistance,  we 
conducted  proteomics  by  comparing  HCC827/ER  (derived  from 
HCC827  with  acquired  resistance  to  erlotinib)  with  HCC827 
cells  using  SILAC  (stable  isotope  labeling  with  amino  acids  in 
cell  culture)  technique.  Interestingly,  eIF4E  was  among  the 
proteins  that  were  increased  in  HCC827/ER  cells.  By  western 
blot  analysis,  we  further  confirmed  increased  eIF4E  expression 
in  HCC827/ER  cells.  In  agreement,  PC-9/GR  cell  also  showed 
increased  levels  of  eIF4E  compared  with  PC-9  cells  (Fig.  4A). 
Erlotinib  treatment  did  not  alter  the  expression  of  eIF4E  both 
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Figure  1.  elF4E  expression  is  elevated  in  human  NSCLC  cell  lines  (A)  and  tissues  (B  and  C).  (A)  Whole-cell  protein  lysates  were  extracted  from  the 
indicated  normal  and  NSCLC  cell  lines  and  used  for  detection  of  elF4E  expression  with  western  blotting.  (B  and  C)  elF4E  expression  in  human  NSCLC 
tissues  was  detected  with  IFHC  and  scored  as  positive  or  negative  expression  (B).  The  representative  images  were  also  presented  (C).  SCC,  squamous 
cell  carcinoma;  AD,  adenocarcinoma;  Normal,  adjacent  normal  lung  tissue. 


in  HCC827  and  HCC827/ER  cells  (Fig.  4B).  By  RT-PCR,  we 
detected  increased  levels  of  eIF4E  mRNA  in  HCC827/ER  cells 
(Fig.  4C).  Transfection  of  eIF4E  promoter  reporter  plasmid  (i.e., 
pGL3-eIF4E-luc)  resulted  in  much  higher  luciferase  activity  in 
HCC827/ER  cell  than  in  HCC827  cells  (Fig.  4D),  indicating 
that  HCC827/ER  cells  possess  increased  transcriptional  activity 
of  eIF4E.  Thus,  it  appears  that  increased  eIF4E  in  HCC827/ 
ER  cells  occurs  at  the  transcriptional  level.  Collectively,  these 
data  clearly  demonstrate  that  eIF4E  expression  is  upregulated  in 
EGFR-TKI-resistant  NSCLC  cells. 

Moreover,  we  analyzed  whether  EGFR-TKI  resistant  cells 
exhibit  elevated  cap-dependent  translation  by  examining  the  for¬ 
mation  of  eIF4F  complex  and  expression  of  proteins  regulated 
by  cap-dependent  translation.  Interestingly  we  found  that  both 
PC-9/ GR  and  HCC827/ER  cells  expressed  higher  levels  of  eIF4G 
in  addition  to  eIF4E  than  their  corresponding  counterparts. 
Accordingly,  we  detected  more  eIF4G  bound  to  m7GTP  in  both 
PC-9/GR  and  particularly  HCC827/ER  cells  than  their  respec¬ 
tive  parent  cells  in  our  m7GTP-pull  down  assay  (Fig.  5A).  This 
result  indicates  that  EGFR-TKI-resistant  NSCLC  cells  possess 
elevated  eIF4F  assembly.  Furthermore,  we  detected  higher  levels 
of  HIFla,  c-Myc  and  Mcl-1,  which  are  typical  proteins  subject 


to  regulation  by  the  cap-dependent  translation,  in  HCC827/ER 
cells  than  in  HCC827  cells  (Fig.  5B).  Taken  together  we  suggest 
that  EGFR-TKI-resistant  cells  possess  elevated  cap-dependent 
translation. 

Inhibition  of  eIF4E  partially  restores  sensitivity  of  EGFR- 
TKI-resistant  cells  to  erlotinib.  If  elevated  eIF4E  is  involved  in 
development  of  acquired  resistance  to  EGFR-TKIs,  we  speculated 
that  inhibition  of  eIF4E  would  overcome  EGFR-TKI-resistance 
and  restore  the  sensitivity  of  to  EGFR-TKIs.  To  test  this  hypoth¬ 
esis,  we  used  eIF4E  siRNA  to  knock  down  eIF4E  expression  in 
HCC827/ER  cells  and  then  examined  its  impact  on  cell  response 
to  erlotinib.  As  presented  in  Figure  6A,  erlotinib  at  2  p,M  inhib¬ 
ited  the  growth  of  control  siRNA-transfected  HCC827/ER 
cells  only  by  <  15%;  however,  it  suppressed  the  growth  of  eIF4E 
siRNA-transfected  HCC827/ER  cells  by  >  55%,  which  was  also 
greater  than  that  cause  by  knockdown  of  eIF4E  alone  (<  35% 
growth  inhibition).  Thus,  it  is  clear  that  silencing  of  eIF4E 
enhances  the  growth-inhibitory  effect  of  erlotinib  in  HCC827/ 
ER  cells. 

4EGI-1  is  a  small  molecule  that  inhibits  eIF4E  and  eIF4G 
interaction  and  cap-dependent  translation.16  Thus,  we  further 
determined  whether  addition  of  4EGI-1  would  enhance  the 
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Figure  2.  Knockdown  of  elF4E  (A,  D  and  E)  inhibits  the  growth  of  NSCLC  cells  (B  and  C)  and  induces  apoptosis  (D)  with  suppression  of  cap-dependent 
translation  (E).  (A  and  B)  The  indicated  NSCLC  cell  lines  were  transfected  with  control  (Ctrl)  or  elF4E  siRNA  (20  nM)  for  48  h  and  then  subjected  to 
western  blot  analysis  for  detection  of  elF4E  (A).  The  cells  were  also  re-plated  in  96-well  plates.  Cell  numbers  were  estimated  every  24  h  with  the  SRB 
assay  (B).The  data  are  means  ±  SDs  of  four  replicates.  (C)  801 -C  and  801 -D  cells  were  transfected  with  control  or  elF4E  siRNA  for  overnight  and  equal 
numbers  of  cells  were  then  used  for  soft  agar  in  35  mm  diameter  Petri  dishes.  After  14  d,  colony  numbers  were  counted  and  averaged  from  five 
random  microscopic  field  or  view.  The  final  data  are  means  ±  SDs  of  triplicate  independent  determinations.  The  Student  t-test  was  used  to  compare 
growth-inhibitory  effects  between  two  groups.  (D  and  E)  The  indicated  cell  lines  were  transfected  with  control  or  elF4E  siRNA  for  72  h  (D)  or  48  h  (E). 
The  cells  were  then  harvested  for  preparation  of  whole-cell  protein  lysates  and  subsequent  western  blotting  for  detection  of  the  given  proteins.  In  (D) 
the  control  siRNA-transfected  cells  were  exposed  to  50  ng/ml  tumor  necrosis  factor-related  apoptosis-inducing  ligand  (TRAIL)  for  20  h  before  harvest¬ 
ing  the  cells.  UD,  undetected. 


growth  inhibitory  effects  of  erlotinib  on  HCC827/ER  cells. 
In  a  3  d  assay,  the  combination  of  erlotinib  and  4EGI-1  was 
more  potent  than  either  agent  alone  in  inhibiting  the  growth 
of  HCC827/ER  cells.  The  combination  indexes  were  <  1  for  all 


combination  treatments  (Fig.  6B),  indicating  synergy  between 
erlotinib  and  4EGI-1  in  inhibiting  the  growth  of  HCC827/ER 
cells.  In  agreement,  the  long-term  colony  formation  assay  gener¬ 
ated  similar  results  as  presented  in  Figure  SI.  The  presence  of 
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Figure  3.  elF4E  expression  is  increased  in  metastatic  NSCLC  cells  (A)  and  tissues  (B)  and  is  associ¬ 
ated  with  cell  invasion  (C  and  D).  (A)  elF4E  expression  in  801 C  and  801 D  cells  was  detected  with 
western  blot  analysis.  (B)  elF4E  expression  in  primary  and  matched  metastatic  NSCLC  tissues  was 
detected  with  IHC.  (C  and  D)  Both  801C  and  801D  cells  were  transfected  with  control  (Ctrl)  or  elF4E 
siRNA  for  48  h  and  then  subjected  to  matrigel  chamber  invasion  assay.  After  36  h,  the  non-invaded 
cells  and  collagen  matrix  on  top  of  the  membranes  were  removed.  Invasive  cells  on  the  bottoms  of 
the  membranes  were  counted  and  normalized  by  the  live  cells  cultured  under  the  same  conditions 
(C).  Representative  images  of  invasive  cells  on  the  membranes  were  also  shown  (D).  The  data  are 
means  ±  SDs  of  triplicate  determinations.  The  Student  t-test  was  used  to  compare  inhibitory  effects 
on  invasion  between  two  groups. 


4EGI-1  enhanced  the  ability  of  erlotinib  to  inhibit  the  formation 
and  growth  of  the  colonies  of  HCC827/ER  cells.  Taken  together, 
these  results  indicate  that  the  combination  of  erlotinib  and 
4EGI-1  synergistically  inhibits  the  growth  of  HCC827/ER  cells. 

eIF4G  is  also  the  major  component  in  the  eIF4F  complex. 
Thus,  we  further  knocked  down  eIF4G  in  HCC827/ER  cells  and 
analyzed  its  impact  on  cell  sensitivity  to  erlotinib.  As  presented 
in  Figure  6C,  erlotinib  at  up  2  p,M  inhibited  the  growth  of  con¬ 
trol  siRNA-transfected  HCC827/ER  cells  by  approximately 
25%,  but  the  growth  of  eIF4G-transfected  HCC827/ER  cells 
by  about  70%.  Thus,  the  knockdown  of  eIF4G  greatly  sensitizes 
HCC827/ER  cells  to  erlotinib,  furthering  the  notion  that  inhibi¬ 
tion  of  eIF4F  cap  complex  restores  TKI-resistant  cells  to  TKIs. 

Elevated  eIF4E  is  associated  with  increased  Met  expression 
in  TKI-resistant  cells.  c-Met  amplification  represents  one  of 
the  major  mechanisms  accounting  for  EGFR  TKI-resistance.13 


In  HCC827/ER  cells,  c-Met  expression 
is  elevated  compared  with  their  parent 
HCC827  cells  (Fig.  S2).  Since  eIF4E  is 
primarily  involved  in  regulation  of  cap- 
dependent  protein  translation,  we  then 
asked  whether  elevated  eIF4E  enhances 
c-Met  translation.  To  this  end,  we 
knocked  down  eIF4E  and  eIF4G,  respec¬ 
tively,  and  then  examined  their  impact 
on  c-Met  expression.  Indeed,  knockdown 
of  either  eIF4E  or  eIF4G  reduced  the 
levels  of  c-Met  protein  (Fig.  7A  and  B). 
Similarly,  treatment  of  HCC827/ER 
cells  with  4EGI-1  also  reduced  c-Met 
levels  (Fig.  7C).  These  data  collectively 
indicate  that  inhibition  of  eIF4F  cap 
complex  inhibits  c-Met  expression. 

Discussion 

In  this  study,  we  have  shown  that  human 
NSCLC  cell  lines  and  tissues  possess  sig¬ 
nificantly  elevated  expression  of  eIF4E 
in  comparison  with  their  normal  coun¬ 
terparts  (Fig.  1).  These  findings  are  in 
agreement  with  previous  observations.7'10 
In  variance  with  a  report  that  eIF4E  is 
rarely  increased  in  squamous  cell  carci¬ 
noma  of  lung,7  we  detected  eIF4E  expres¬ 
sion  in  92%  (12/13)  of  squamous  cell 
carcinoma.  Nonetheless,  our  current  and 
previous  studies  together  clearly  indicate 
that  NSCLCs  exhibit  elevated  eIF4E 
expression. 

Given  that  elevated  eIF4E  expression 
is  significantly  associated  with  short  sur¬ 
vival  of  NSCLC  patients,10"12  it  is  plausi¬ 
ble  to  speculate  a  role  of  eIF4E  in  positive 
regulation  of  the  growth  of  NSCLC  cells. 
Indeed,  knockdown  of  eIF4E  expression 
by  siRNA  in  our  study  substantially  inhibited  the  growth  of 
NSCLC  cells  (Fig.  2),  suggesting  that  eIF4E  plays  a  critical  role 
in  mediating  the  growth  of  NSCLC  cells.  In  this  study,  we  found 
that  knockdown  of  eIF4E  induced  apoptosis  in  801D  cells,  but 
not  in  H157  cells  although  it  effectively  inhibited  the  growth  of 
both  cell  lines,  suggesting  that  inhibition  of  eIF4E  inhibit  the 
growth  of  cancer  cells  through  growth  arrest  or  both  growth 
arrest  and  apoptosis.  It  has  been  recently  shown  that  eIF4E- 
specific  antisense  oligonucleotides  effectively  inhibit  the  growth 
of  cancer  xenografts  in  mice  with  minimal  toxicity,17  hence  pro¬ 
viding  robust  validation  for  eIF4E-targeted  cancer  therapy.  Our 
results  also  support  eIF4E  as  a  promising  target  for  therapy  of 
NSCLCs. 

We  noted  that  eIF4E  knockdown  potently  reduced  the  levels 
of  Mcl-1  in  801D  cells,  but  only  minimally  in  H157  cells  even 
though  it  effectively  decreased  survivin  levels  in  the  both  cell 
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Figure  4.  Erlotinib-resistant  NSCLC  cells  possess  elevated  levels  of  elF4E  protein  (A  and  B)  and  mRNA  (C  and  D).  (A  and  B)  Whole-cell  protein  lysates 
were  prepared  from  the  indicated  cell  lines  (A)  or  cell  lines  exposed  to  different  concentrations  of  erlotinib  for  6  h  (B)  and  then  used  for  western  blot 
analysis  to  detect  the  given  proteins  as  indicated.  (C)  Total  cellular  RNA  was  isolated  from  both  parental  and  HCC827/ER  cells  for  detection  of  elF4E 
mRNA  by  RT-PCR.  (D)  elF4E  promoter  activities  in  the  given  cell  lines  were  performed  with  transfection  of  the  given  reporter  constructs  into  HCC827  or 
HCC827/ER  cells  followed  with  a  luciferase  activity  assay  after  48  h.  Each  column  represents  the  mean  ±  SD  of  triplicate  determinations. 


lines  (Fig.  2E).  Coincidentally,  knockdown  of  eIF4E  induced 
apoptosis  in  801D  cells,  but  not  in  H157  cells  (Fig.  2D).  Whether 
this  suggests  that  Mcl-1  downregulation  plays  a  critical  role  in 
mediating  eIF4E  inhibition-induced  apoptosis  needs  further 
investigation. 

The  early  work  with  antisense  of  eIF4E  in  Ras-transformed 
rat  embryo  fibroblasts  showed  that  cells  with  reduced  levels  of 
eIF4E  had  delayed  and  reduced  inva¬ 
siveness  and  decreased  experimental 
metastasis,18  suggesting  that  eIF4E 
plays  a  role  in  regulation  of  inva¬ 
sion  and  metastasis.1  In  our  study,  we 
detected  elevated  eIF4E  expression 
in  metastatic  NSCLC  cells  and  tis¬ 
sues.  Moreover,  knockdown  of  eIF4E 
significantly  inhibited  invasion  of 
NSCLC  cells  (Fig.  3),  suggesting  that 
elevated  eIF4E  expression  is  associated 
with  positive  regulation  of  invasion  of 
NSCLC  cells.  Thus,  our  findings  sup¬ 
port  the  notion  that  eIF4E  is  involved 
in  regulation  of  cancer  invasion  and 
metastasis. 

Acquired  resistance  to  EGFR-TKIs 
is  a  major  obstacle  and  challenge  in 
the  treatment  of  NSCLCs  with  EGFR- 
TKIs.13  Our  exciting  finding  in  this 
study  that  eIF4E  expression  is  elevated 


in  NSCLC  cells  with  acquired  resistance  to  EGFR-TKIs  (e.g., 
HCC827/ER  and  PC-9/GR)  is  significant  for  future  efforts 
to  overcome  EGFR-TKI  resistance.  Moreover  we  have  shown 
that  these  EGFR-TKI-resistant  NSCLC  cells  possess  increased 
capacity  of  eIF4F  assembly  and  elevated  expression  of  oncogenic 
proteins  known  to  be  regulated  by  the  cap-dependent  transla¬ 
tion  mechanism  (e.g.,  HIFla,  c-Myc  and  Mcl-1)  (Figs.  4  and 


Figure  5.  Erlotinib-resistance  cells  exhibit  elevated  elF4F  assembly  (A)  and  expression  of  oncogenic 
proteins  regulated  by  the  cap-dependent  translation  (B).  (A)  Whole-cell  protein  lysates  prepared  from 
the  given  cell  lines  were  used  for  m7GTP  pull-down  assay  followed  with  western  blot  analysis  to  detect 
the  indicated  proteins.  LE,  long  exposure.  (B)  Whole-cell  protein  lysates  were  prepared  from  the  indi¬ 
cated  cell  lines  and  then  used  for  western  blot  analysis  to  detect  the  given  proteins  as  indicated. 
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Figure  6.  Inhibition  of  elF4F  formation  by  knocking  down  elF4E  (A)  or 
elF4G  (C)  or  by  inhibiting  elF4E  and  elF4G  interaction  with  4EGI-1  (B) 
sensitizes  erlotinib-resistant  cells  to  erlotinib.  (A)  FICC828/ER  cells  were 
transfected  with  control  (Ctrl)  or  elF4E  siRNA  for  overnight  and  then 
exposed  to  2  pM  erlotinib  for  3  d.  (B)  FICC828/ER  cells  were  treated  with 
indicated  concentrations  of  erlotinib  in  the  absence  and  presence  of 
4EGI-1  for  3  d.  (C)  FICC828/ER  cells  were  transfected  with  control  (Ctrl)  or 
elF4G  siRNA  for  overnight  and  then  exposed  to  the  indicated  concen¬ 
trations  of  erlotinib  for  3  d.  After  the  aforementioned  treatments,  the 
cell  numbers  were  estimated  by  the  SRB  assay.  The  data  are  means  ± 
SDs  of  four  replicate  determinations.  The  numbers  by  the  lines  in  (B)  are 
combination  indexes  for  the  combinations  of  erlotinib  and  4EGI-1. 


5).  These  results  together  indicate  that  eIF4E  expression  and 
cap-dependent  translation  are  elevated  in  EGFR-TKI-resistant 
NSCLC  cells.  To  the  best  of  our  knowledge,  this  is  the  first  study 
that  links  eIF4E  and  cap-dependent  translation  to  the  acquired 
EGFR-TKI  resistance  of  NSCLCs. 

In  our  study,  inhibition  of  eIF4F  assembly  by  knocking  down 
of  eIF4E  or  eIF4G  with  eIF4E  or  eIF4G  siRNA  enhanced  the 
effect  of  erlotinib  against  the  growth  of  HCC827/ER  cells. 
Moreover,  the  combination  of  erlotinib  and  4EGI-1,  an  inhibi¬ 
tor  of  elF4E  and  eIF4G  interaction,  synergistically  inhibited  the 
growth  of  FICC827/ER  cells  (Figs.  6  and  S2).  These  data  collec¬ 
tively  suggest  that  elevated  eIF4E  expression  is  involved  in  devel¬ 
opment  of  acquired  EGFR-TKI  resistance.  However,  we  noted 
that  inhibition  of  eIF4F  with  the  aforementioned  approaches  did 
not  fully  restore  the  sensitivity  of  HCC827/ER  cell  to  erlotinib. 
Thus,  we  suggest  that  elevated  eIF4E  alone  may  not  be  sufficient 
to  confer  cell  full  resistance  to  EGFR-TKIs  although  it  does  con¬ 
tribute  to  development  of  acquired  EGFR-TKI  resistance. 

One  of  the  known  mechanisms  underlying  acquired  EGFR- 
TKI  resistance  is  c-Met  amplification.13  Here,  we  showed  that 
HCC827/ER  cells  possessed  elevated  expression  of  c-Met 
(Fig.  S2).  Importantly,  we  found  that  inhibition  of  eIF4F  cap 
complex  with  either  eIF4E  or  eIF4G  siRNA  or  the  small  mol¬ 
ecule  4EGI-1  reduced  c-Met  protein  levels  (Fig.  7),  indicating 
that  elevated  eIF4E  and  cap-dependent  cap  initiation  regulates 
c-Met  expression.  Thus,  it  is  likely  that  elevated  eIF4E  contrib¬ 
utes  to  development  of  acquired  EGFR-TKI  resistance  through 
facilitating  c-Met  expression  in  addition  to  gene  amplification. 
Our  findings  warrant  further  investigation  in  this  direction. 

Since  we  detected  increased  levels  of  eIF4E  mRNA  and  tran¬ 
scriptional  activity  in  HCC827/ER  cells  (Fig.  4),  it  appears  that 
elevated  eIF4E  expression  in  EGFR-TKI-resistant  cells  occurs 
at  the  transcriptional  level.  Thus,  our  current  findings  warrant 
further  study  to  fully  elucidate  the  mechanisms  by  which  eIF4E 
expression  is  upregulated  in  EGFR-TKI-resistant  cells. 

In  summary,  the  current  study  has  demonstrated  that  eIF4E 
expression  is  elevated  in  human  NSCLCs.  The  elevated  eIF4e 
expression  is  associated  with  positive  regulation  of  cell  prolifera¬ 
tion  and  invasion  of  NSCLC  cells  and  contributes  to  develop¬ 
ment  of  acquired  resistance  to  EGFR-TKIs. 

Materials  and  Methods 

Reagents.  Erlotinib  and  gefitinib  were  purchased  from  LC 
Laboratories.  4EGI-1  was  purchased  from  EMD  Chemicals,  Inc. 
or  Calbiochem.  They  were  dissolved  in  DMSO  at  the  concentra¬ 
tion  of  20  or  100  mM,  and  aliquots  were  stored  at  -80°C.  Stock 
solutions  were  diluted  to  the  appropriate  concentrations  with 
growth  medium  immediately  before  use.  eIF4E,  eIF4G,  Mcl-1, 
survivin,  PARP,  p-EGFR  (Tyrl068),  EGFR,  p-Erb3  (Tyrl289), 
p-Met  (Tyrl234/1235),  Met  and  Akt  antibodies  were  purchased 
from  Cell  Signaling  Technology,  Inc.  Rabbit  anti-HIF-la  and 
p-Akt  (S473)  were  purchased  from  Epitomics.  Mouse  monoclo¬ 
nal  anti-c-Myc  and  rabbit  anti-Erb3  antibodies  were  purchased 
from  Santa  Cruz  Biotechnology,  Inc.  Mouse  monoclonal  cyclin 
D1  antibody  (clone  DCS-6)  was  purchased  from  Dako.  Mouse 
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Figure  7.  Inhibition  of  elF4F  formation  by  knocking  down  elF4E  (A)  or  elF4G  (B)  or  by 
inhibiting  elF4E  and  elF4G  interaction  with  4EGI-1  (C)  reduces  c-Met  protein  levels.  (A 
and  B)  FICC828/ER  cells  were  transfected  with  control  (Ctrl),  elF4E  or  elF4G  siRNA  for 
48  h.  (C)  HCC828/ER  cells  were  treated  with  the  indicated  concentrations  of  4EGI-1  for 
24  h.  After  the  aforementioned  treatments,  the  cells  were  harvested  for  preparation 
of  whole-cell  protein  lysates  and  subsequent  western  blotting. 


monoclonal  anti-actin  and  anti-tubulin  antibodies 
were  purchased  from  Sigma  Chemical  Co.,  7-methyl 
GTP  (m7GTP)-sepharose  4B  was  purchased  from  GE 
Healthcare  Biosciences. 

Cell  lines  and  cell  culture.  H1975,  HCC827 
and  H1650  were  purchased  from  the  American  Type 
Culture  Collection.  The  SV40-immortalized  nor¬ 
mal  human  bronchial  epithelial  (NHBE)  cell  line, 
BEAS-2B,19  and  other  NSCLC  cell  lines  were  gen¬ 
erously  provided  by  Dr.  R.  Lotan  (MD  Anderson 
Cancer  Center).  The  Cdk4/hTERT-immortalized 
NHBE  cell  line,  HBEC3KT,20  was  obtained  from  Dr. 

J.  Minna  (University  of  Texas  Southwestern  Medical 
Center).  PLA-801C  and  PLA-801D  cell  lines21  were 
obtained  from  Dr.  Y.L.  Lu  (Institute  of  Basic  Medical 
Science,  Academy  of  Military  Medical  Sciences).  PC-9 
and  gefitinib-resistant  PC-9  (PC-9/GR)  cell  lines  were 
provided  by  Dr.  P.A.  Janne  (Dana  Farber  Cancer 
Institute).  All  NSCLC  cell  lines  were  cultured  with  RPMI  1640 
containing  5%  fetal  bovine  serum  and  HBEC3KT  and  BEAS-2B 
cells  were  cultured  with  K-SFM  medium  containing  50  p,g/mL 
bovine  pituitary  extract  and  5  ng/mL  EGF  (Life  Technologies)  at 
37°C  in  a  humidified  atmosphere  of  5%  C02  and  95%  air. 

Establishment  of  an  erlotinib-resistant  NSCLC  cell  line.  The 
erlotinib-resistant  HCC827  cell  line  (HCC827/ER)  was  estab¬ 
lished  by  exposing  HCC827  cells  to  3.5  p,M  erlotinib  for  2  mo 
followed  with  one  more  month  of  exposure  to  7.5  |JtM  with  5  d 
drug  on  and  5  d  drug  off  cycle.  The  resistant  cell  population  was 
then  routinely  cultured  with  medium  containing  1  (JtM  erlotinib. 
HCC827/ER  cell  is  also  cross-resistant  to  gefitinib  (Fig.  S2A). 
Compared  with  HCC827  cells,  HCC827/ER  cells  have  down- 
regulated  EGFR/p-EGFR  and  elevated  levels  of  Met/p-Met, 
Akt/p-Akt  and  ERKs/p-ERKs,  which  are  resistant  to  modula¬ 
tion  by  erlotinib  (Fig.  S2B).  The  resistance  remains  unchanged 
after  withdrawal  of  erlotinib  from  culture  medium  for  6  mo,  sug¬ 
gesting  an  irreversible  phenotype  (Fig.  S2C). 

Growth  inhibition  assay.  Cell  number  in  monolayer  cul¬ 
ture  in  96-well  plates  was  estimated  by  the  sulforhodamine  B 
(SRB)  assay  and  the  growth  inhibition  was  calculated  as  previ¬ 
ously  described  in  reference  22.  Combination  index  (Cl)  for  drug 
interaction  (e.g.,  synergy)  was  calculated  using  the  CompuSyn 
software  (ComboSyn,  Inc.). 

Colony  formation  assays.  Colony  formation  assay  on  plastic 
surface  was  conducted  in  6-well  plate  (approximately  600/well) 
as  described  previously  in  reference  23.  To  perform  colony  forma¬ 
tion  assay  on  soft  agar,  0.5%  bottom  agar  and  0.35%  top  agar 
were  prepared  and  used  for  each  35  mm  Petri  dish.  The  top  agar 
contained  5,000  cells.  The  dishes  were  cultured  for  14  d  and  then 
stained  with  0.005%  crystal  violet  for  30  min.  The  colonies  were 
then  counted  under  a  microscope. 

Cell  invasion  assay.  Cell  invasion  assay  were  performed  using 
BD  BioCoat™  Matrigel™  Invasion  (BD  Biosciences)  coated 
with  BD  Matrigel  Basement  Membrane  Matrix  in  a  working 
concentration  of  350  p,g/ml.  For  each  coated  chamber,  25,000 
cells  in  500  p.1  of  serum-free  medium  were  seeded  in  the  cell 
insert  and  pre-cultured  for  8  h.  After  that,  750  p.1  complete 


medium  supplemented  with  10%  fetal  bovine  serum  was  added 
to  each  lower  chamber  and  culture  for  another  36  h.  The  invasive 
cells  on  the  bottoms  of  the  membranes  were  then  counted  after 
staining  with  Fisher  Hema  3  Manual  Staining  System  (Fisher 
Scientific)  and  normalized  by  live  cells  (determined  by  trypan 
blue)  cultured  at  the  same  condition. 

Western  blot  analysis.  The  procedures  for  preparation  of 
whole-cell  protein  lysates  and  for  western  blotting  were  the  same 
as  described  previously  in  reference  24. 

IHC.  Human  lung  cancer  TMA  was  purchased  from  Imgenex 
(IMH-358).  The  TMA  was  stained  with  IHC  using  the  EnVision 
+  Dual  Link  System-HRP  Kit  (Dako)  following  the  protocol. 
The  rabbit  polyclonal  antibody  against  eIF4E  (9742)  was  pur¬ 
chased  from  Cell  signaling  and  used  at  1:100  dilutions.  eIF4E 
staining  was  scored  as  negative  (<10%  staining)  and  positive 
staining  (>  10%  staining),  respectively 

m7GTP  pull-down  for  analysis  of  eIF4F  complex.  eIF4F 
complex  in  cell  extracts  was  detected  using  affinity  chromatog¬ 
raphy  m7GTP-sepharose  as  described  previously  in  reference  25. 

Small  interfering  RNA  (siRNA) -mediated  eIF4E  and  eIF4G 
knockdown.  The  siRNA  duplexes  for  non-silencing  control  and 
eIF4E  and  their  transfections  were  described  previously  in  ref¬ 
erence  25.  eIF4G  siRNA  (sc-35286)  was  purchased  from  Santa 
Cruz  Biotechnology. 

Detection  of  eIF4E  mRNA.  The  forward  primer  5  -GGT 
TGC  TAA  CCC  AGA  ACA  C-3'  and  reverse  primer  5  -CAC 
TTC  GTC  TCT  GCT  GTT  TG-3'  were  used  for  the  RT-PCR 
to  detect  the  eIF4E  mRNA  level.  Forward  primer  5-GAA  ACT 
ACC  TTC  AAC  TCC  ATC-3'  and  reverse  primer  5  -CTA  GAA 
GCA  TTT  GCG  GTG  GAC  GAT  GGA  GGG  GCC-5'  were 
used  to  detect  actin  mRNA  level  as  an  internal  control. 

Construction  of  eIF4E  reporter  plasmid  and  luciferase  activ¬ 
ity  assay.  To  make  an  eIF4E  reporter  construct,  RT-PCR  was 
used  to  amplify  eIF4E  promoter  region  (-1,507  to  +72)  from 
genomic  DNA  extracted  from  H157  cells  using  the  following 
primers:  forward  5  -GCG  GGT  ACC  GCA  CAG  GCA  GCC 
TGC  ATA  CA-3'  and  reverse  5-CCC  AAG  CTT  TCT  CCT 
CTT  CTG  TAG  TCG  GGG  G-3'.  The  final  PCR  product  was 
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then  cloned  into  pGL3-basic  luciferase  reporter  vector  (Promega 
Inc.)  through  Kpnl  and  Hind  III  cloning  sites  to  generate  pGL3- 
eIF4E-luc  construct.  The  transient  transfection  and  subsequent 
luciferase  assay  have  been  described  previously  in  reference  26. 

Statistical  analyses.  The  statistical  significance  between  two 
groups  was  analyzed  with  two-sided  unpaired  Students  t-tests  or 
with  Fishers  exact  test.  All  of  these  analyses  were  done  by  use  of 
Graphpad  InStat  3  software  (GraphPad  Software).  Results  were 
considered  to  be  statistically  significant  at  p  <  0.05. 
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Abstract  Background:  Results  from  our  Biomarkers-Integrated  Approaches  of  Targeted  Therapy  for  Lung  Cancer  Elimination  (BATTLE)  program 
Body:  suggest  that  patients  with  chemorefractory  wild-type  (wt)  EGFR  NSCLC  including  those  with  mutant  KRAS  may  benefit  from  sorafenib. 

Using  3  different  approaches,  we  tested  the  hypothesis  that  gene  expression  profiles  from  wild-type  (wt)  EGFR  tumors  may  predict 
sorafenib  efficacy  by  capturing  effects  on  multiple  targets.  Material  and  Methods:  Baseline  tumor  biopsies  from  37  BATTLE  patients  (pts) 
with  EGFR  wt  tumors  and  treated  with  sorafenib  were  profiled  (Affymetrix  Human  Gene  l.ST),  as  well  as  68  EGFR  wt  NSCLC  cell  lines 
with  available  IC50  to  sorafenib  (Illumina  HumanWG-6  v3.0  expression  beadchip).  (i)  We  first  developed  an  In  vitro  Sorafenib  Signature 
(ISS).  Correlation  of  IC50  with  each  individual  probe  expression  level  was  computed.  Most  significant  probes  were  summarized  by  the  first 
principal  component  (PC),  and  correlated  with  IC50  of  sorafenib.  To  validate  the  signature,  the  first  PC  was  computed  in  BATTLE  samples, 
and  progression-free  survival  (PFS)  of  pts  with  high-  vs.  low-sensitivity  signature  was  compared  based  on  the  median  of  the  first  PC.  (ii) 
Alternatively,  we  developed  a  Clinical  Sorafenib  Signature  (CSS)  using  BATTLE  samples.  We  compared  23  (62%)  pts  who  achieved  8- 
week  disease  control  with  14  (38%)  who  did  not  (t-test).  Most  significant  probesets  were  summarized  by  the  first  PC  and  PFS  of  pts  with  a 
high-  vs.  low-sensitivity  signature  were  compared.  To  validate  the  signature,  the  first  PC  was  computed  in  cell  lines  and  correlated  with 
IC50  of  sorafenib.  (iii)  Finally,  we  tested  a  previously  reported  KRAS  mutation  gene  expression  signature  derived  by  comparing  genes 
differentially  expressed  in  mutant  vs.  wt  KRAS  early  stage  resected  lung  adenocarcinomas,  in  124  BATTLE  samples  including  24  mutant 
KRAS.  Results:  (i)  The  ISS  included  50  probes.  The  first  PC  was  correlated  with  the  IC50  of  sorafenib  (rho  =  -0.71,  P  <  0.0001).  The  ISS 
was  then  tested  in  BATTLE  and  PFS  was  significantly  different  in  pts  with  the  high-  (median  PFS  3.61  months)  vs.  the  low-sensitivity 
signature  (median  PFS  1.84  months,  log-rank  P  =  0.0263).  (ii)  The  CSS  developed  in  BATTLE  included  80  probesets  summarized  using  the 
first  PC.  PFS  was  significantly  different  in  pts  with  the  high-  vs.  the  low-sensitivity  signature  (log-rank  P  <  0.0001).  The  CSS  was  then 
tested  in  cell  lines  and  the  first  PC  was  signicantly  correlated  with  IC50  of  sorafenib  (rho  =  0.24,  P  =  0.0483).  (iii)  Finally,  the  KRAS 
signature  was  significantly  associated  with  KRAS  mutation,  but  no  association  was  observed  with  outcome  in  pts  treated  with  sorafenib  in 
BATTLE.  Conclusion:  We  report  2  gene  expression  signatures,  ISS  and  CSS,  that  predicted  benefit  from  sorafenib  in  patients  with 
chemorefractory  NSCLC  and  in  vitro  sensitivity  to  sorafenib  respectively.  Further  validation  is  planned  in  our  ongoing  BATTLE-2  program. 
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